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ABSTRACT 
 
Gold nanorods (GNRs) show much promise for applications in biological, 
optoelectronic and energy applications.  The resonant generation of a localized 
surface plasmon resonance (LSPR) at the GNR surface results in interesting 
optical properties and unique interactions with molecules.  Combined with their 
biocompatibility, ease of synthesis and facile surface functionalization, these 
anisotropic metal particles are excellent scaffolds for the study of the interactions 
between nanoscale surfaces and their chemical/biological environments.  
Regardless of the application, however, GNR utility will not be fully realized until 
the chemical nature of the surface is understood and controlled. 
GNRs can enhance various photophysical properties of molecules.  In the 
case of two-photon absorption (TPA), cross-section enhancements have been 
shown to increase with strong distance-dependence.  Here, a dual approach for 
the conjugation of a TPA chromophore to GNRs is presented, relying on layer-by-
layer (LbL) polymer wrapping and direct thiol coating of the same parent 
chromophore structure.  Together, these approaches allow for estimated 
chromophore-particle distances from <1nm to more than 15 nm.  Composites were 
confirmed using conventional nanoparticle characterization methods.  Imaging of 
GNR polymer shells indicated anisotropic composite structures, as confirmed by 
both conventional and cryo-TEM.  Optical characterizations were performed using 
two-photon excited fluorescence and Z-scan techniques, to probe the TPA 
enhancement.  The intrinsic nonlinear optical properties of GNRs is shown to 
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contribute strongly to these measurements, suggesting the utility of these materials 
for bi-modal imaging platforms. 
GNR properties, like their shape, are anisotropic.  The LSPR-induced near-
fields are heterogeneously distributed on the nanorod surface, with the tips being 
much “hotter” than the sides.  To understand and utilize fully the spatially-
dependent interactions of GNRs with their environment, the site-specific 
attachment of molecules is necessary.  Few methods exist, however, to guide 
molecular localization.  Here, the role of by-products in the synthesis of site-
selective silica-coated GNRs is demonstrated, and the thickness tunability of the 
resulting core-shell materials is investigated.  The redox state of methoxy-
terminated poly(ethylene glycol) thiol attached to GNRs is shown to be relevant in 
guiding the deposition of silica, providing an important insight into the design of 
anisotropic composite nanomaterials. 
Surface-initiated Atom transfer radical polymerization (SI-ATRP) is a popular 
method for grafting polymers from a surface.  We demonstrate our ability to grow 
poly(N-isopropylacrylamide) (PNIPAM) shells on the GNR surface, toward a 
“smart” thermoresponsive polymer shell.  The role of ligand choice, molar ratio of 
monomer to initiator and polymerization on presence and control of shell thickness 
are investigated.  The introduction of a tetradentate (vs. the commonly-used 
tridentate) ATRP ligand was necessary for the growth of PNIPAM shells in our 
studies, and consideration of the molar ratio of monomer and initiator and reaction 
time allowed control of shell thickness and extent of aggregation. 
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“Not all those who wander are lost” 
-J.R.R. Tolkien 
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CHAPTER 1. Introduction to gold nanorods:  
Applications, synthesis and surface chemistry 
1.1. Interest in gold nanorods:  Localized surface plasmon 
resonance (LSPR) and the peculiar case of the anisotropic shape 
It was perhaps most elegantly stated in 2001 that “The physical and 
chemical properties of a material are determined by the type of motion its electrons 
are allowed to execute.”1  In the case of noble metal nanoparticles, electron motion 
is confined due to a size match between the particle and mean free path of the 
electron in the metal.2–4  This confinement increases the energy required to induce 
the conduction band electrons to oscillate in concert.5  Therefore, resonant 
excitation with electromagnetic fields moves to the visible region, replacing the 
“gold” color commonly associated with this element with brilliant reds, blues and 
purples.  This resonant excitation phenomenon is called a localized surface 
plasmon resonance (LSPR). 
The LSPR of gold nanospheres has been admired for centuries for the 
beautiful ruby-colored pigment it makes.  Gold nanoparticles have long been used 
to produce the red colors found in decorative relics and stain glass windows of 
churches.6  The earliest report of a scientific investigation of gold colloid is that of 
Michael Faraday in his famous lecture on “metallic gold in a state of extreme 
division.”7  He provided the first assertion that the colors of this divided gold in 
suspension are produced in part due to the small size of the particles compared to 
the wavelength of light impinging on them. 
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Following Faraday’s hypothesis were theoretical attempts to explain these 
colors more quantitatively.  In 1908 Gustav Mie analytically solved Maxwell’s 
equations for a small conducting sphere and quantitatively correlated the size of 
metallic nanoparticles to their optical extinction.8  It was not long before numerical 
approximations became available for the prediction of linear optical spectra based 
on particles of arbitrary size, shape, dielectric constant and environment.2–4,9 
Shape control in the synthesis of gold nanoparticles has become an 
important parameter in the past two decades.10  In particular, the synthesis of gold 
nanorods (GNRs) is perhaps the most studied of the anisotropic shapes.4  
Whereas a nanosphere has a single LSPR resonance band whose only 
geometrically-dependent parameter is size (more accurately, radius), GNRs will 
give rise to two LSPR resonances (see Figure 1.1).  One is due to the coherent 
oscillation of electrons on the short axis of the GNR (called the transverse LSPR), 
and the other is due to the oscillation on the long axis of the nanorod (longitudinal 
LSPR).  For GNRs the longitudinal LSPR peak position is dependent on (among 
other parameters) the aspect ratio (AR, ratio of length to width).  In aqueous 
solution this relationship is linear, and generally follows the formula:4 
𝜆!"# = 95×𝐴𝑅 + 420                                                                                              (1) 
Figure 1.2 shows this relationship experimentally.11  The TEM images show 
nanorods of increasing AR from 2 to more than 6.  The Corresponding UV-Vis 
absorption spectra demonstrate the continuous red-shifting of the longitudinal 
LSPR peak, producing the so-called “rainbow” of gold nanorods.  Colored vials 
demonstrate why.  It is important to note that the total optical cross-sections of the 
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longitudinal LSPR band of gold nanorods is actually a combination of the 
absorption and scattering components.12,13  Since both are very large for GNRs, 
their extinction coefficients are between 108 to 1010 M-1cm-1, which is 104 to 105 
higher than the best organic chromophores.14 
In addition to the beautiful colors and interesting optical properties GNRs, 
they have distinct technological relevance.  Much of the scientific interest in GNRs 
can be traced back to their LSPR.  Here we will consider some of the applications 
based on two consequences of the LSPR:  (1) Intrinsic GNR optical properties and 
(2) Surface-enhancement of molecular properties by GNRs. 
 4 
 
 
Figure 1.1.  Cartoon illustration of localized surface plasmon resonance (LSPR) phenomenon.  
Oscillating electric field induces the coherent oscillation of conduction band electrons at the surface 
of nanoscopic gold.  a) Isotropic shape gives rise to a single LSPR resonance band, with absorption 
~520 nm in aqueous solution.  b) Gold nanorods support two LSPR bands:  Transverse and 
longitudinal, due to the oscillation about the short and long axes, respectively.  For gold nanorods, 
the longitudinal LSPR band is geometrically-dependent, and linearly related to aspect ratio (AR, 
length/width)
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The strong optical extinction exhibited by GNRs makes them excellent 
biological and molecular imaging agents.  GNRs are thus utilized as imaging 
agents using various modalities, including two-photon emission,15,16 absorption and 
scattering,17–19 photoacoustics,20,21 and others.  The strong dependence of GNR 
dielectric environment on the LSPR resonance energy makes them very sensitive 
probes to detect nearby molecules.  GNRs are thus highly sensitive probes for 
SPR sensing to detect molecular adsorption events.22–24   
In addition to their intrinsic optical properties, GNRs have the ability to 
modify the properties of nearby molecules.  The two examples discussed here are 
surface-enhanced raman scattering (SERS) and surface-enhanced two-photon 
absorption (TPA).  Raman scattering is an inelastic light scattering phenomenon 
with high chemical information density but low cross-sections.25  Raman 
enhancement of analytes by SERS is generally considered to involve two 
mechanisms:  electromagnetic (EM) and chemical (CHEM) enhancement.26,27  Due 
to the strong plasmonic near-field of GNRs, they are generally thought to contribute 
most to the EM mechanism.  SERS enhancement factors (EFs) are strongly 
distance-dependent, and EF values will be maximized when there is contact 
between the surface and analyte.27  SERS using gold nanorods has been 
demonstrated on a variety of analytes, with EF values of 1010 and higher 
obtained.28–31  Moreover, since the LSPR-induced near-field of gold nanorods is 
heterogeneously distributed, it has been shown that EF values are different for 
molecules attached to the ends vs. sides of GNRs.31   
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TPA in molecules involves the simultaneous absorption of two photons to 
reach an excited state, resulting in a quadratic dependence of excitation probability 
on intensity of a light source.32,33  TPA-based applications are potentially various, 
including data storage34 and sensor protection;35,36 as with SERS, however, their 
cross-sections are very low.37  Being sensitive to the local dielectric environment,38 
these cross-sections can thus be increased by the presence of a plasmonic near-
field.39,40  Our group has shown GNRs to increase calculated TPA cross-sections 
by as much as a factor of 40.41,42 
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a) 
b) Increasing [Ag+] 
AR=2.4 ± 0.4  AR=2.7 ± 0.3  AR=3.6 ± 0.7  AR=4.4 ± 1.0  
Figure 1.2.  Synthetic tuning of optical properties of GNRs.  a)  General synthetic scheme for 
GNR synthesis using seeded silver-mediated process.  Addition of pre-made seeds to a partially 
reduced gold (I) chloride solution induces anisotropic growth, with silver ion concentration 
determining aspect ratio of GNRs produced.  b) TEM images and UV-Vis spectra of gold 
nanorods of aspect ratio ~2.4 (blue micrograph and trace), 2.7 (green), 3.6 (orange) and 4.4 
(brown), showing longitudinal LSPR dependence on aspect ratio (AR), following eq1.1. 
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1.2.   Synthesis of GNRs 
1.2.1.  Synthesis of short GNRs:  Roles of reagents 
Michael Faraday’s 1857 lecture marked the first scientific report of the 
synthesis of colloidal gold.7  The ability to draw relationships between the 
geometric and photophysical properties of these particles was limited, however, 
due to the inability to directly image such objects.43  With the physical 
demonstration of the use of electron lenses to image nanoscale objects by Knoll 
and Ruska in 1932, and their rapid commercialization as early as 1936, the 
transmission electron microscope (TEM) was realized.44  The demonstration of 
structure-property relationships in nanoscrystals thereby entered the realm of 
experimental feasibility.  The ability to directly image nanoscale objects led to a 
boom in the systematic investigations of the synthesis of nanoparticles.  In 1951, 
Turkevich et al rigorously explored the nucleation and growth in the synthesis, size 
distribution and monodispersity of colloidal gold.45  Synthesis of gold nanorods was 
first reported in the presence of a nanoporous membrane of alumina.10,46,47  The 
notion of a templating agent to instill directional growth highlights one of the 
primary hurdles to synthesizing anosotropic shapes from a highly-symmetrical FCC 
crystal.  The utilization of geometric constriction and passivation of the different 
crystal faces based on surface energy are important considerations in GNR 
synthesis. 
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The most commonly-used approach for GNR synthesis in my work was 
developed by the Murphy48,49 and El-Sayed50 groups (see Figure 1.2). This wet-
chemical synthesis uses pre-made gold seeds of 1-3 nm, synthesized with by the 
reduction of hydrogen tetrachloroaurate(III) ion with sodium borohydride in the 
presence of cetyltrimethylammonium bromide (CTAB) above its 2nd cmc.50  If these 
small seeds are then added as nuclei to a second aqueous mixture containing 
hydrogen tetrachloroaurate(III), silver nitrate, CTAB and ascorbic acid, “short” 
GNRs result.  GNRs synthesized in this way have lengths 20-60 nm and aspect 
ratios between 1 and 4 (with corresponding LSPR absorption maxima 550-850 
nm).51  Furthermore, the AR can be easily tuned in this range simply by the 
controlled concentration of Ag+ ion.4,50,51 
Each of the reagents listed above has a vital, sometimes-debated role in the 
size, shape, yield and purity of GNRs.  Multiple mechanisms have been proposed 
for the growth of GNRs using seed-mediated synthesis.52–55  Many of these 
mechanisms, though differing in detail, point to the differential growth rates at 
different facets of the FCC unit cell as the important determinant of directional 
growth.  Short, single-crystalline gold nanorods are generally considered to have 
the higher surface-energy {110} facets at their sides and lower energy {100} faces 
at the ends (recently, higher-index facets such as {250} have also been 
proposed.56,57)  One mechanism suggests that the size match between the {110} 
facet of FCC gold and the CTA+ head-group of CTAB passivates the growth on the 
{110} face.  Another mechanism suggests the role of silver to be determinant, as 
the higher-surface-energy {110} facet alone lowers to the reduction potential of Ag+ 
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to Ag0, and metallic silver is the passivating agent.55  Both of these rationales 
would explain the emergence of shape anisotropy through differential growth rates 
of the {110} and {100} crystal faces, growing isotropic seed crystals in to rods. 
1.3.   Surface chemistry:  Controlling how GNRs “see” the world 
Regardless of the desired application, the surface chemistry of gold 
nanorods must be considered.  As with all nanoparticles, a disproportionately large 
percentage of atoms in the material are at the surface, making interactions of the 
particles with their environment almost impossible to predict without an 
understanding – or even better, control – of the chemical nature of the surface.  If 
the intrinsic optical properties of gold nanorods are to be utilized, the particles must 
be surface-functionalized such that they disperse in a desired medium, and do not 
aggregate or precipitate.  If surface enhancement of a molecule is the motivating 
goal, we must ask ourselves:  What is the molecule of interest?  How close is it to 
the surface?  Where is it on the nanorod? 
1.3.1.  Role and nature of CTAB 
The role of CTAB during synthesis is specific and necessary to the 
formation of GNRs, as explained above.  Thus GNRs synthesized in the presence 
of CTAB are capped with a chemisorbed bilayer of the surfactant at their surface.58  
CTAB serves multiple post-synthetic roles, however: It stabilizes the GNRs from 
aggregation by electrostatic repulsion, and lends them water solubility.  The 
surface-bound CTAB is labile, and easily desorbs from the surface in biological 
media59 and organic solvents60,61 Furthermore, free CTAB has been shown to be 
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cytotoxic at micromolar concentrations.59  Therefore, many technologically-relevant 
applications of GNRs requires either substitution or immobilization of the CTAB 
bilayer.4,6,62 
There are a variety of common strategies for surface functionalization of 
GNRs, and 3 of the most common routes for my research will be discussed here.  
They are:  (1) Thiol/disulfide substitution (2) Layer-by-layer wrapping, (3) 
deposition of silica.  Each of these will be discussed in turn.  They are summarized 
schematically in Figure 1.3 
1.3.2.  Thiol/disulfide subsitution 
The Gold-thiolate bond formed by the reaction of a gold surface and an 
alkyl/aryl thiol (R-SH) or dialkyl/diaryl disulfide (R’-SS-R”) are around -50 
kcal/mol.63  For gold nanorods, R-groups for used for thiol-derivatized gold 
nanorods generally include small molecules and polymers. 
Monothiolated polymers are a very popular class of the form R-SH used for 
GNR functionalization.  The attachment of already-synthesized polymers to a 
surface is considered a grafting to approach.  Monothiolated polymers grafted to 
gold surfaces are used for stability, biocompatibility and assembly applications.  
One of the most common among these monothiolated polymers is poly(ethylene 
glycol) (PEG),62 with the form X-PEG-SH (where X is a functional group of interest 
– methyl, NHS, azide, biotin, fluorescein, etc…).  X is often methyl, and this 
polymer is referred to as “PEG-SH”  “PEG thiol,” “mPEG-SH,“ or just “PEG”.64,65  
PEG functionalization (or “PEGylation”) of gold nanorods affords them stability in 
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organic solvents66 and biological media.67,68 In addition, PEGylation allows for 
subsequent substitution by small-molecule water-insoluble thiols.69 
R-groups for small molecule thiol-functionalization of gold surfaces allow the 
introduction of a wide range of functionality, which include raman-active analytes, 
two-photon absorbing chromophores, and even molecules that are themselves 
polymerizable.  Polymerizable small molecules are a common method of polymer 
functionalization of gold surfaces called grafting from.  Atom Transfer Radical 
Polymerization (ATRP) can be employed on special surface-bound alkyl thiols to 
grow them in to polymer shells.69,70 
Functionalization of GNRs with polymeric or small-molecule alkly thiols or 
dialkyl disulfides can be done in a single phase – via incubation of a CTAB-capped 
GNR suspension with a solution of thiol – or by phase-transfer from aqueous to 
organic solvent.62 
1.3.3.  Layer-by-layer (LbL) wrapping 
The second surface functionalization approach is the layer-by-layer (LbL) 
coating of GNRs with a polyelectrolyte (PE).  Polyelectrolyte wrapping using 
sequential deposition of polyanionic and polycationic polymer layers is a commonly 
used technique for colloidal surface modification.71,72  The technique was initially 
applied to flat surfaces,73,74 then to micron-scale particle surfaces,75,76 and 
ultimately extended to colloids.71,72,77  Now, layer-by-layer (LbL) wrapping is a 
popular gold nanorod surface modification method, and is used to reduce their 
toxicity,78 introduce surface chemical functionality,79 increase 
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solubility/dispersibility,60,80 and create monolayer films.81  Furthermore, LbL 
wrapping using PE bilayers offers the ability to finely tune the dielectric shell on 
gold nanorods, with an estimate of 1.5 nm increase per PE layer deposited.79 
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Figure 1.3.  3 common surface modification approaches for CTAB-coated gold nanorods:  Thiol substitution, 
polyelectrolyte (PE) wrapping and silica deposition.  Thiol substitution requires mixing alkyl thiol (R-SH) or dialkyl disulfide 
(R’-SS-R”) with gold nanorods.  R-groups include a wide variety of functionalities, such as chromophores or raman-active 
analytes.  If R-group is a polymer, thiol will generate a single anchor-point for the polymer in a grafting to approach.  If R-
group is a polymer initiator, polymerization reactions can then be carried out for a grafting from approach.  Polymers can 
also be deposited by PE wrapping, by exposure of the positively-charged gold surface to a polyanion (PE-), followed by a 
polycation (PE+), and repeating these steps.  Silica deposition involves the hydrolysis and polymerization of a tetra-
functional alkoxysilane in a basic environment.  All 3 approaches can be modified with an analyte of interest (green star) 
by proper functionalization of that molecule or functional group.  For thiol substitution, analyte should be thiolated; for 
polymer grafting, various polymer end-functionalization approaches can be used; for PE wrapping, analyte should be itself 
charged or modified on to the backbone of a PE chain.  For silica deposition, analyte should be linked to a chlorinated or 
alkoxy silane.  Grey box highlights polymer-gold composite nanorods. 
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1.3.4.  Deposition of silica 
Being the most common metal in the earth’s crust, silicon has a rich and 
diverse chemistry found in biology.82  Stöber et al developed the controlled 
synthesis of monodisperse sub-micron silica spheres in 1968.83  In this synthesis, a 
tetra-functional alkoxy silane, tetraethylorthosilicate (TEOS) undergoes base-
catalyzed hydrolysis and polycondensation to form SiO2 nanoparticles, and their 
size can be controlled by the concentrations of TEOS, H2O and NH3 in solution. 
The modification of the Stöber synthesis for growth of silica as shells on 
core materials of metal chalcogenides has been in practice since the 1990’s.84–86  
However, the deposition of silica on gold  is less straight-forward due to the low 
affinity of SiO2 to the gold surface.87,88  The absence of an oxide layer on the gold 
surface and presence of organic stabilizing agents makes the gold surface 
vitreophobic.  The reliable and high-yield GNR surface modification by silica with 
controlled shell size initially required the pre-modification of the GNR surface with a 
polymer to increase its vitreophilicity.89–91  The silica shells grown as such are solid, 
with very little roughness or pitting.  Furthermore, the shell thicknesses are easily 
tunable by controlling TEOS addition.89,91 
More recently, a one-step synthesis was developed for the direct growth of 
silica on CTAB-coated GNRs, without the requirement of polymer surface 
treatment and subsequent purification.92  The synthesis follows a surfactant-
templated silica (STS) synthesis, and produces mesoporous silica shells of 
controlled size.93,94  The thickness of silica shells grown in this way can be 
controlled by the concentrations of CTAB or TEOS, and the size and discontinuity 
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of their pores are related to these conditions, as well as the concentration of 
cosolvent.93–96  An interesting advantage of this one-step synthesis is the ability to 
direct silica localization on GNRs due to the site-specific arrangement of CTAB.97,98 
1.4.  Dissertation overview 
In Chapter 2 the use of two functionalization routes for the conjugation of 
GNRs with a two-photon (TPA) chromophore is investigated, and brief optical 
studies are described.  GNR-TPA composites are characterized by their surface 
charge, solubility and LSPR shifts, and strict control of dye uptake is demonstrated. 
Fluorescence quenching is observed in most GNR-TPA composites, and strong 
nonlinear optical signals are observed from the gold nanorods.  
In Chapter 3 the control and reproducibility of site-selective silica coating is 
demonstrated.  Lack of reproducibility in the synthesis led to investigations of many 
parameters in the synthesis, including molar concentrations of CTAB and TEOS, 
as well as oxidation state of the PEG.  Composite particles were characterized by 
UV-Vis and TEM, with extensive regiospecific size analysis of silica shells, which 
demonstrated a narrow window over which synthesis is possible. 
In Chapter 4 the synthesis of GNRs coated in poly(N-isopropylacrylamide) 
(PNIPAM) is demonstrated, toward thermoresponsive polymer-gold 
nanocomposites.  The effect of ligand choice, reagent ratios and reaction time all 
dictate the nature and size of the resulting polymeric shell. 
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CHAPTER 2. Synthetic routes to conjugating gold 
nanorods with a two-photon chromophore and 
preliminary optical characterization 
2.1. Introduction 
When visible to near-IR radiation is incident on the surface of a noble metal 
nanoparticle, it induces a coherent oscillation of conduction-band electrons called 
the localized surface plasmon resonance (LSPR),1,2 which is highly dependent on 
shape, size, medium and extent of aggregation, allowing for strict structure-
property control by modifying these parameters.3–7 The LSPR causes 
unprecedented absorption and scattering cross-sections, as well as intense electric 
fields at the particle surface that decay exponentially at distances about the size of 
the particle.8–10  The interaction of this field with nearby chromophores has been 
shown to enhance certain optical properties, including two photon absorption 
(TPA).11–14 
In a two-photon absorbing material, focused pulsed lasers can induce the 
simultaneous absorption of two photons to reach an excited state.15,16  Figure 2.1a 
shows the two-level energy diagram for excitation by linear absorption (1PA, blue 
arrow) and TPA (orange arrows), and gives the equations for excitation probability 
for linear and TPA absorption.  Because of the involvement of two photons in this 
process, absorption probability is dependent on the square of the intensity of an 
excitation source.  Most applications of TPA take advantage of this quadratic 
dependence.  One such application is 3-dimensional optical data storage, in which 
10,000-times greater information density can be stored versus 2-dimensional 
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reading/writing.17  Another application is sensor protection, where intensity 
thresholds can be imposed on incident radiation.18  Despite these exciting potential 
applications, the implementation of TPA materials have been limited by their low 
cross-sections, δ, with units of GM (= 10-50 cm4 s photon-1 molecule-1).19 
In the past 15 years, a better understanding of structure-property 
relationships has allowed the design of TPA chromophores with higher δ.20-23  As 
such, values as high as 108,000 GM have been achieved.  Additionally, plasmonic 
enhancement has been increasingly investigated as a method to enhance δ in 
nearby chromophores.11–13,20,21  Using suspensions of gold nanorods (GNRs) with 
polyelectrolyte spacer layers of different thicknesses, our group has recently 
demonstrated the enhancement of δ in a known TPA chromophore by up to a 
factor of 40, where the thinnest layers showed the greatest enhancement.20  This 
approach raised a few questions:  How far are the chromophores from the particle 
surface?  Do they diffuse between the spacer layers, complicating an 
understanding of dye-particle distance?22 Is there an optimal length scale for TPA 
enhancement? 
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Figure 2.1.  Two-photon absorption.  (a) Two-level energy diagram for the excitation of a two-photon chromophore by one-
photon absorption (1PA) (blue arrow) and two-photon absorption (TPA, orange arrows) scheme.  (b) UV-Vis absorbance 
spectrum for chromophore used in this study.  The 1PA and TPA absorbance maxima are highlighted by the solid and 
dashed grey lines, respectively.  Inset shows structure of dye structure used in this study (AF dye).  n(1)  and n(2), 1PA and 
TPA transition probability, respectively. σ(ν) and δ(v),  1PA cross-section (cm2 photon-1) and TPA cross-section (units GM = 
10-50 cm4s).  I = intensity of excitation source 
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To answer these questions, our research aims to develop gold-chromophore 
nanocomposites.  Two synthetic approaches are used, with each affording a 
different range of dye-particle distances.  In the first, large separations were 
investigated, using a layer-by-layer strategy in which a dye-modified polyelectrolyte 
(DMP) is terminally wrapped around gold nanorods using 0,2,4,6 and 8 
polyelectrolyte spacer layers.  In the second approach, gold nanorods were coated 
in thiolated TPA chromophore, using a 2-step place exchange reaction.  This 
technique allows probing of nanorods in contact with dye, where the rod and dye 
are separated by a maximum of 1 nm.  Using these two synthetic approaches, 
nanorod-dye separations of 1-20 nm can be designed, allowing a complete study 
of distance-dependent plasmon-enhanced two-photon absorption on gold particles 
in suspension. 
2.2.   Experimental 
2.2.1.  Materials 
Cetyltrimethylammonium bromide (CTAB, 99+%), AgNO3 (99%), L-ascorbic 
acid (99+%), HAuCl4 (99+%), gold tetrachloroaurate (HAuCl4 3H2O), sodium 
hydroxide (NaOH), sodium borohydride (NaBH4, 99%), 1,8-
Diazabicyclo[5.4.0]undec-7-ene (>99%) (DBU), poly(acrylic acid, sodium salt) 
solution (Mw~15,000, 35 wt.% in water), poly(allylamine hydrochloride) 
(Mw~15,000) were purchased from Aldrich, and used as received.  Poly(ethylene 
glycol) monomethyl ether thiol (mPEG-SH or “PEG”, 5000 Mw) was purchased 
from Nanocs for all PEG-coating experiments.  All aqueous solutions were made 
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with Ultrapure deionized water (18 MΩ).  Poly(acrylic acid) (Mw=17,000, PDI=1.08) 
was purchased from Polymer Source for dye-modified polyelectrolyte (DMP) 
synthesis.  Two-photon chromophores AF240-Tos and AFSH were provided by 
collaborators at the Air Force Research Lab in Dayton, OH. 
2.2.2.  Synthesis of gold nanorods (GNRs) 
GNRs were synthesized using a seeded method.7  For rods of aspect ratio 
~3.5, the following was done.  Seed particles (~1-3 nm diameter) were 
synthesized:  To 9.5 mL of CTAB solution (0.1M) was added 0.25 mL HAuCl4 
(0.01M), followed by 0.6 mL of ice-cold NaBH4 (0.01M) while stirring rapidly.  The 
mixture turned brownish-yellow immediately.  These seed particles were allowed to 
sit for 1h to ensure complete reaction of the borohydride. 
To 9.75 mL of CTAB (0.1M) was added 100 uL AgNO3 (0.01M), followed by 
0.5 mL of HAuCl4 (0.01M).  To the resulting orange solution was added 0.055 mL 
of L-ascorbic acid (0.1M), causing a color change from orange to clear due to the 
reduction of Au3+ to Au+.  Lastly, 0.012 mL of 1-3 nm gold seed particles were 
added to initiate the growth of GNRs. 
2.2.3.  Synthesis and characterization of dye-modified 
polyelectrolyte (DMP) 
To a 15 mL pear-shaped flask with stirring, 449.6 mg poly(acrylic acid) 
(PAA, Polymer Source) (6.24 mmol, 75 mol eq w.r.t. monomers) was added by 
addition funnel.  The PAA was washed in to the flask using 5 mL DMSO.  The 
resultant solution was clear and very viscous.  After all solids dissolved, 0.96 mL 
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1,8-Diazobicyclo[5.4.0]unde-7-cene (DBU) (6.4 mmol, 75 mol eq.) was added via 
syringe.  This caused the PAA to immediately precipitate, forming a cloudy 
solution, which redissolved in 20 min..  Then, 62.2 mg AF240-Tos (0.084 mmol, 1 
mol eq) was added, also by addition funnel.  A final 1mL DMSO was used to rinse 
the remaining solids in to the flask.  The viscous solution turned bright green as the 
dye dissolved.  The reaction was set to 35oC for 36 h., and monitored by TLC, 
which indicated quantitative disappearance of the dye spot under UV radiation.  
The reaction was quenched by the addition of 400 uL glacial acetic acid, added 
dropwise (equimolar w.r.t. PAA monomers.  Note:  rapid addition of acetic acid will 
result in fuming above the solution and should be avoided).  The ~10 mL reaction 
was precipitated by adding the solution dropwise to a vigorously stirring flask of 
450 mL ethyl acetate.  The faint green solids were filtered, then redissolved in 30 
mL NaHCO3 (pH~8) and added to a Snakeskin® dialysis tubing membrane of 3500 
MWCO, 34 mm dry flat width, 3.7 mL/cm, which was secured by tying at both ends.  
The dialysis set-up was immersed in 4L Milli-Q water, with the contents exchanged 
twice, over 3 days.  To the dialyzed solution was added glacial acetic acid, causing 
the polymer to again precipitate.  Acetic acid addition was stopped when solids 
stopped forming.  The resulting polymer was 450.2 mg (99% recovery). 
2.2.4.  Polyelectrolyte wrapping of gold nanorods with 
PAA/PAH/DMP 
Polymer stock solution was prepared with 5 mg/mL PAA or PAH in 1mM 
NaCl.  All DMP coatings were done on nanorods that had a positive surface 
charge:  either CTAB or 2, 4, 6 or 8 PE layers.  GNRs were prepared in 1 nM 
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concentration.  For coating of CTAB rods, the rods were centrifuged at 15000 rcf 
for 15 min., then redispersed in as much water and centrifuged again in the same 
way.  For PAA and PAH outer-layer rods, the rods were cleaned only once. 
To the 1nM rods (PAA, PAH or CTAB outer-layer) was added 9 mL of 
polymer stock, followed by 1 mL of 10 mM NaCl.  The solutions were agitated by 
shaking or vortexing, then allowed to incubate overnight with gentle agitation.  This 
procedure worked equally well for PAA, PAH and DMP.  PAA and PAH outer-layer 
rods were purified by centrifugation as described above.  The DMP rods were spun 
at 5500 rcf for 15 min., and the supernatant was respun at 6000 rcf for 20 min..  
The two pellets were then combined. 
2.2.5.  AFSH coating of gold nanorods 
The gold nanorods are modified with AFSH using a 2-step place exchange 
reaction.  First, the nanorods were coated with thiolated poly(ethylene glycol) with 
a methoxy terminus (mPEG-SH, “PEG”) of 5,000 Mw, purchased from Nanocs.  To 
30 mL of twice-cleaned 3.7 nM rods was added 10 mL of 0.95mM PEG, and left to 
gently shake for 24 h..  The resulting mixture was purified by centrifuging at 6800xg 
for 25 min..  The supernatant was spun again at 10,000xg (10kg) for 20 min., 
producing a clear supernatant.  The two pellets were combined, and diluted to 30 
mL with water.  Next, the PEG-coated rods were diluted to 0.1 nM in water, and 
centrifuged again at 8,000xg for 20 min..  The pellet was dissolved in the same 
volume of DMF, and the wash cycle was repeated.  To the resulting PEG-coated 
rods in DMF was added an equal volume of an appropriate concentration of AF-
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SH, allowed to gently shake for 4 days, then purified by centrifugation at 6kg for 20 
min..  If any rod color remained in the supernatant, it was spun at 10kg for 20 min..  
Pellets were combined, if applicable, diluted to their original volume in DMF, then 
purified a second time in the same manner. 
2.2.6.  TEM and cryo-TEM 
Transmission electron microscopy (TEM) micrographs were collected by 
either a JEOL 2100 cryo-TEM operating at a 200 kV accelerating voltage, and 
images were collected with a peltier-cooled CCD camera.  Cryogenically vitrified 
(cryo) samples were imaged on the same instrument.  About 20uL of sample was 
dropcast on to a holey carbon grid of 200 mesh, and the solvent was wicked away 
and the grid was rapidly immersed in liquid nitrogen-cooled liquid ethylene using an 
FEI Vitrobot Cryoplunge.  Samples remained at liquid nitrogen temperatures 
throughout the imaging process. 
2.2.7.  Optical instrumentation 
Fluorescence lifetime imaging microscopy (FLIM) was used to collect TPA 
emission spectra and time-correlated decay histograms.  Samples were excited 
with a 300 fs continuum white-light source generator, with 750-800 nm spectral 
window selected.  Samples were added as ~1mL to a 4-chamber well plate.  
Spectra were collected with a spectrometer with a 550 nm, 200 nm bandpass filter 
in front of the detector. 
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Z-scan data was collected using a home-built setup.  A 780 nm, 200 fs laser 
was sent through a chopper (1500 Hz) and passed through a focusing lens 
(f=100mm).  The sample was translated using an automated stage controlled by 
LabView software to move ± 50 mm about the beam focus in the z-direction.  
Transmitted light was collected using a second lens behind the sample, which 
focused the beam on to the detector. 
2.3.   Results & discussion 
2.3.1.  Synthesis 
Polyelectrolyte LbL wrapping procedure followed was initially developed for 
gold spheres27, and has since been applied successfully to nanorods of various 
shape.24,28-30  In our study, the polyanionic and polycationic polymers used were 
15,000 Mw poly(acrylic acid) (PAA) and 15,000 Mw poly(allylamine hydrochloride) 
(PAH), respectively.  Gold nanorods of LSPR ~800 nm were coated with the same 
TPA chromophore core structure using two different attachment schemes.  Figure 
2.1b shows the 1PA spectrum of the parent dye structure shown in the inset, which 
is the one used in this study.  The linear and TPA absorption wavelengths are 
highlighted by the solid and dashed grey lines, respectively.  Figure 2.2 shows 
schematically the two attachment schemes employed for immobilization of AF dye 
on the nanorods.  In Route 1, a dye-modified polyelectrolyte (DMP) was 
synthesized, and this was used to coat the nanorods via an electrostatic route.  In 
Route 2, rods were coated with a thiolated TPA chromophores using gold-thiolate 
chemistry in a 2-step place exchange reaction.  Route 1 offers the ability to 
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separate the chromophores from the rod surface using sequential layer-by-layer 
coating of gold nanorods to form a polyelectrolyte (PE) shell prior to DMP coating.  
The PE shell thickness can be strictly controlled.  Route 2 allows probing ultra-
close rod-dye distances, with the dye in near-contact with the rod surface.  These 
Routes were chosen for their ability allow for rod-dye separation from 0-15 nm. 
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Figure 2.2.  Routes for conjugation of a TPA chromophore to gold nanorods.  In Route 1, rods are 
first coated with alternating PE layers of PAA and PAH, followed by a terminal layer of DMP.  The 
number of PAA/PAH bilayers is used to control the nanorod-dye spacing.  In Route II, rods are 
coated with AF-SH via a 2-step place exchange reaction.  Route II allows for removal of CTAB and 
direct attachment of chromophore to the surface to probe ultra-close dye-particle spacing. 
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2.3.1.1.   Synthesis of dye-modified polyelectrolyte (DMP) 
DMP was synthesized as shown in Figure 2.3.  A tosylated AF analog 
(AF240-Tos) was reacted with PAA in the presence of the non-nucleophilic base, 
DBU.  By limiting the mole ratio of AF240-Tos to PAA, approximately 3 dyes per 
chain were attached as pendants on to the PAA backbone.  This was confirmed by 
both NMR and a UV-Vis/gravimetric method.  Absorbance and emission spectra 
are shown in Figure 2.3b for AF240-Tos (black trace) in chloroform, and DMP (blue 
trace) in water.  The UV-Visible spectrum for our DMP showed no apparent shift 
from that of the AF240-Tos dye in chloroform, indicating that no structural changes 
had taken place in the attachment procedure.  Due to differential solubilities, no 
common solvent was found for the two. The emission spectra show distinctly 
different emission maxima, indicative of a solvochromic effect.23  However, the 
emission maximum for the DMP in water is around 560 nm, closely matched with 
values for aqueous solutions of a water-soluble analog of the same chromophore 
(data not shown). 
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Figure 2.3.  (a)  Synthesis of dye-modified polymer (DMP).  DMP was synthesized by adding a 
limiting amount of AF240-Tos to a stirring DMSO solution of PAA at 32oC in the presence of 1,8-
Diazabicycloundec-7-ene, a non-nucleophilic base.  (b) Optical characterization of AF240-Tos 
(black traces) and DMP (blue traces).  Absorbance spectra show that the chromophore structure is 
unaltered by polymer attachment. 
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2.3.1.2.   Polyelectrolyte (PE) and DMP-coating of gold nanorods 
Polyelectrolyte (PE) layer-by-layer (LbL) wrapping using sequential 
deposition of polyanionic and polycationic polymer layers is a useful technique to 
add stability or functionality to GNRs.24,25  LbL coating allows for polymer shells of 
highly-controlled thickness by simply varying the number of PE deposition steps.26  
This shell tuning is attractive for our purposes because of the distance-dependence 
surface-enhanced TPA cross-sections. 
In this study, poly(sodium acrylate) (PAA) of Mw 15,000 and poly(allylamine 
hydrochloride) (PAH) of Mw 15,000 were used as the polyanionic and polycationic 
PEs, respectively.  Figure 2.4 shows the coating scheme for coating nanorods with 
1-8 layers of PE.  The UV-Vis traces indicate that there is negligible aggregation in 
each of the coated samples, as evidenced by a lack of significant peak broadening. 
Peak broadening occurs during particle aggregation due to plasmon coupling,8,9 
and has even been used quantitatively to reflect an “extent” of aggregation by the 
definition of an aggregation index.33,34 
ξ-potential is used to confirm the inversion of surface charge at each 
polymer deposition stage.29  The values invert with each wrapping layer, where 
layer number indicates the number of polymer layers that have been deposited.  
For layer number 0, the capping agent is CTAB, and the ξ-potential value is highly 
positive (+20 to +50 mV).  The value inverts to highly negative with the addition of 
PAA (layer number 1), then inverts again to highly positive with the subsequent 
addition of PAH (layer number 2), and so on.20,24 
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Figure 2.4.  (a) Scheme for LbL coating of CTAB-coated (0L+) gold nanorods using PAA and PAH.  (b) UV-Vis absorbance 
spectra of gold nanorods coated in up to 8 layers of PE.  (c) Zeta-potential measurement, indicating inversion of surface 
charge with each wrapping step 
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DMP was designed to have a low percentage of monomers containing a 
chromophore pendant moiety (~1%). This was done to reduce hydrophobic 
interactions and allow DMP to behave as closely to un-modified PAA as possible.  
Hydrophobic modification of polyanions as low as 20 mol% can significantly 
increase the thickness of deposited polymer.30  Due to the polyanionic nature of 
DMP, all DMP-coated rods were synthesized by incubation of rods possessing a 
positive ξ-potential value:  0, 2, 4, 6 or 8-layers.  Wrapping was demonstrated by 
the inversion of surface charge indicated by ξ-potential, between +20 and +35 mV 
before DMP coating (see Figure 2.4c) to between -20 and -45 mV after coating.  
UV-Visible spectra indicated particle stability, as shown in Figure 2.5c.  The 
longitudinal LSPR signals of the GNRs indicated little to no inter-particle 
aggregation.  Additionally, the 1-layer through 9-layer particles show a small hump 
at 390 nm, which is the absorbance max of the DMP.  CTAB rods appear to be 
absent of this feature.  
It is possible to estimate shell thickness of gold nanorods based on dynamic 
light scattering (DLS) data, provided the following are known/assumed:31–33  (1)  
Average gold nanorod core dimensions (length and width), (2) the shell forms 
isotropically (the ends and sides have the same thickness of polymer), (3) the 
aspect ratio (AR, length/width) of the entire object after coating is greater than 2.  
Figure 2.5e shows the average shell thickness, determined following the authors 
cited.  The results indicate that a large increase in shell thickness occurs between 
1-layer and 3-layer DMP rods, with the shell thickness increasing from 2 nm to 12 
nm.  The 5-layer DMP then reduces its average shell thickness to below 10 nm, 
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then increases again for 7-layer and 9-layer.  Previous work indicates that the shell 
thickness increase for PE deposition exhibits a “zig-zag” pattern, but increases with 
every 2nd layer.31,34  Our observation of a limiting thickness of ~12 nm does not 
agree with these reports.  However, our system is slightly different, and it is 
possible that the hydrophobic dye modification of the DMP alters its wrapping 
behavior.30  It is also possible that one or more of the 3 assumptions listed above 
are not being met, making estimation of shell thickness by DLS inapplicable under 
our circumstances. 
To try to gain a better view of the actual polymer shell thickness and shape, 
DMP rods were imaged by TEM.  TEM images of 3-layer through 9-layer DMP rods 
(Figure 2.5b) show that a visible polymer shell is discernible, and appears as a 
halo of increased contrast around the nanorods. However, efforts to quantify this 
shell thickness increase by TEM have not been successful, for two reasons:  (1) 
The casting of a particle suspension on a TEM grid must be dried, and 
polyelectrolyte bilayer films are known to deswell in low humidity environments by 
up to 4-fold.35  (2) The polymer shells appear to have a spherical overall 
morphology, leading to differential shell thickness on the ends and sides of the 
nanorods.  As can be seen in the TEM images of the 5L through 9L samples, the 
polymer halo on the nanorod sides is substantially thicker than the ends. 
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Figure 2.5.  (a) Scheme for DMP coating of PE-wrapped gold nanorods to form 1-layer (1L) through 9-layer 
(9L) DMP rods.  (b) TEM images of 3L – 9L DMP rods.  (c) UV-Vis spectra of 1L through 9L DMP Rods.  (d)  
Calculated shell thickness of DMP rods from dynamic light scattering data.  (e)  Zeta potential of DMP rods, 
indicating highly-negative surface charge in all cases. 
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In cryo-TEM characterization, the purpose was to determine whether the 
differential shell thicknesses observed by standard drop-cast TEM are 
representative of how these particles exist in suspension.  In cryo-TEM, a particle 
suspension is instantaneously vitrified on a TEM grid by submergence of a thin 
aqueous film in to liquid ethylene at its freezing point.36  This grid is kept at liquid 
nitrogen temperature frozen while imaging, which allows for a more accurate 
picture of the particle size and shape as they exist in their native environment.36,37  
Specifically, artifacts due to drying effects are removed. 
Figure 2.6 shows the comparison of 8L wrapped PE nanorods imaged using 
(a), (b) TEM and (c), (d) cryo-TEM.  Inspection reveals that both TEM and cryo-
TEM show evidence of uneven polymer shells, where the polymer-coated 
nanorods form a spherical composite morphology.  Furthermore, cryo-TEM shows 
that there exist polymer shells containing multiple nanorods in a single capsule.  
These multiple encapsulates were common, and were be reflected by the tailing of 
the UV-Vis peak at higher wavelengths (Figure 2.6e), indicative of aggregation-
induced plasmon coupling. 
The fact that polyelectrolytes used in this study deposit unevenly on the 
nanorods further complicates the ideal picture of an isotropic dielectric shell on the 
nanorod surface, where all chromophores are separated from the rod surface.  The 
shell heterogeneity could lead to chromophores experiencing different distance-
dependent environments, and decoupling of the optical properties of these two 
species is not trivial.   
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Figure 2.6.  (a) and (b), dried TEM.  (c) and (d), cryo-TEM.  (e) 
UV-Vis spectrum of 8-layer PE rods.  Both dried and cryo-TEM 
imaging indicate the PE shell forms an uneven shell around the 
nanorod surface.  UV-Vis trace shows a tail, which could be 
reflective of the subset of rods that are multiply-encapsulated in 
polymer.  
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It is possible that the lability and site-preference of the CTAB bilayer at the nanorod 
surface creates different charge densities at the ends and sides of the nanorod, 
leading to different attractive forces for the 1-layer PE adsorption.38–40  The first 
PAA layer templates the deposition for subsequent PAH/PAA bilayers, resulting in 
uneven coating for all layer numbers.  The shell morphology could, however, reflect 
the tendency of the PE capsules to form spherical objects in solution.41,42  The 
TEM results help to better elucidate the shell thickness calculation based on DLS 
data shown previously.  Conditions (2) and (3) for accurate use of the thickness 
calculation31–33 are not met:  the wrapping is uneven, and the aspect ratio of the 
object is below 2, due to the spherical form of the polymer capsule.  
We next studied the ability to control dye loading – the number of dyes 
attached, on average, to each nanorod. Nanorod dye uptake was calculated by 
concentration difference.  Following incubation, samples were centrifuged multiple 
times to ensure removal of all nanorods.  The UV-Visible absorbance maximum at 
390 nm was used to calculate the concentration of dyes before and after 
centrifugation.  In this study, the total polymer concentration was kept at a constant 
10 mg/mL by adding PAA (Aldrich, 35 wt% solution in water) to compensate for 
reduced DMP concentrations at lower dyes/rod added.  Figure 2.7 shows the effect 
of diluting DMP with PAA to control dye loading for DMP coating of 2-layer PE-
coated rods. 
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b) a) 
Figure 2.7.  Control of dye uptake for 2-layer DMP rods.  (a) log-log plot of Dyes/rod attached as a 
function of dyes/rod added.  (b)  Semilog plot of LSPR shift with increasing dye attachment. 
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The ~80,000 dyes/rod value corresponds to 100% DMP.  With decreasing 
Dyes/rod added, the dye attachment was likewise decreased, down to below 200 
dyes/rod.  For all dyes/rod added, dyes/rod attached was only approximately 1%.  
Monitoring of the LSPR shifts showed a peak shift of 0.002 nm/dye attached. 
2.3.1.3.   AF-thiol coating of gold nanorods 
Due to the hydrophobic nature of thiolated AF dye, direct coating of 
nanorods leads to particle aggregation and subsequent loss of controlled 
plasmonic properties (data not shown). Therefore, a modified 2-step place 
exchange reaction was adapted from Kim and coworkers.43  The nanorods were 
initially coated in mPEG-SH (PEG) of Mw 5,000.  The purpose of PEG-coating is to 
stabilize the nanorods and solubilize them in organic solvents. 
The PEG-coated rods were then incubated in thiolated AF dye (AFSH), 
which slowly adds to the surface.  The addition of small molecule thiols to 
PEGylated gold nanorods can displace the PEG molecules partially or completely, 
depending on the nature and concentration of the thiol molecule.43,44  Figure 2.8 
shows a cartoon of this attachment scheme.  In our studies, displacement of the 
PEG chains was not monitored.  However, solubility tests Figure 2.8b indicate that 
the AFSH rods are water insoluble, suggesting a large reduction in the presence of 
amphiphilic PEG at the surface.   
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Figure 2.8.  (a) Scheme for 2-step place exchange to coat gold nanorods in thiolated two-photon 
chromophore (AFSH).  (b)  UV-Vis and photographs showing the solubility of AFSH rods in DMF, but not 
in water. 
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UV-Vis spectra and photographs of AFSH-coated rods suspended in DMF 
(black trace), then centrifuged and resuspended in water (red trace), and lastly 
centrifuged and suspended in DMF a last time (green trace). Spectra and 
photographs both show an orange color for the AFSH rods in DMF, corresponding 
to having no shoulder on the longitudinal plasmon.  Attempting to suspend in 
water, however, causes a color change to purple and emergence of an LSPR peak 
shoulder.  The reversible color change of the nanorods indicates that this 
aggregation mechanism does not involve nanorod core fusion (and hence, 
irreversible plasmon coupling), but instead suggests a solubility-mediated 
flocculation of the hydrophobized particles in a poor solvent.39,45 
Control of dye loading for AFSH on rods was straight-forward.  The rods 
were kept at a constant 0.1 nM concentration, and the dye was varied from 1 nM to 
10 µM (corresponding to 10-10,000 dyes/rod).  As shown in Figure 2.9a, the log-
log plot of dyes/rod bound scales linearly with dyes/rod added until a saturation 
point around 2000 dyes/rod.  This saturation is likely due to complete monolayer 
dye covereage on the rods.  In the linear region, a reproducible ~10% of added dye 
is taken up by the nanorods.  The shift in LSPR peak position was measured for 
the nanorods following purification.
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a) 
b) c) 
Figure 2.9.  Dye uptake control for AFSH coating.  (a) log-log plot showing dyes/rod added vs dyes/rod bound.  
(b)  UV-Vis spectra showing increasing red-shifting of longitudinal LSPR with increased AFSH concentration 
added.  (c)  LSPR vs dyes/rod added, showing a plateau at ~15 nm shift. 
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a) b) 
Figure 2.10.  (a)  Normalized emission spectra for DMP dye and DMP-rods, showing a blue shift of 
50 nm in the DMP spectrum after coating.  (b) Fluorescence by layer number, where extensive 
quenching occurs for 3-layer through 9-layer DMP rods 
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Figure 2.11.  Semilog plot of fluorescence recovery versus surface area/dye available on the 
nanorods; (b) 3-dimensional model of dye structure, geometry optimized using simple molecular 
mechanics, showing the longest dimension for each axis.  
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The LSPR peak position increased from 800 nm to 810 nm initially, and 
showed a linear dependence.  A similar saturation behavior as Figure 2.9a was 
seen, where the increase reached a plateau after the addition of ~1,000 dyes per 
rod.  It is likely that the refractive index is change is less rapid as the nanorod 
surface becomes saturated with dye, and thus the LSPR is not as sensitive to 
further addition of dye.  The LSPR shift for the AFSH nanorods is ~0.001 nm/dye 
for the first 1000 dyes/rod added, similar to the shift/dye molecule seen for DMP-
coated rods. 
2.3.2.  Steady-state emission of chromophore-coated gold 
nanorods 
The emission of chromophore-coated gold nanorods was studied using 
steady-state fluorescence.  Figure 2.10 gives the emission spectra of DMP-coated 
rods compared to that of free dye.  There is a blue shift of 40 nm of rod-attached 
dye relative to free dye.  This effect could reflect the dielectric environment of the 
dyes, or is perhaps a function of the dyes simply being bound to a surface.46,47  
Figure 2.10 also shows the free-dye-normalized fluorescence.  This plot shows that 
for the 1-layer DMP rods the fluorescence is slightly enhanced, with 
fluorescence=1.2.  However, for higher layer numbers the emission is decreased 
dramatically.  3-layer DMP rods show more than 80% fluorescence quenching, and 
5- through 9- layer rods are all greater than 90% quenched. 
Figure 2.11 shows the fluorescence of AFSH-coated gold nanorods coated 
with different dye loadings.  In a semilog plot, the quenching is reduced by 3-
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orders-of-magnitude dramatically as the surface area/dye molecule increases by a 
factor of 6.  This indicates that the closer the dyes to one another, the more 
efficiently they quench each other.  The ability of vicinal dyes to quench their 
neighbors’ fluorescence is well-established, and is often attributed to a collisional 
or resonance-based radiationless energy transfer mechanism.23,48  Figure 2.11b 
shows a 3-dimensional model of the dye structure of AFSH with geometry 
optimization using simple molecular mechanics.  This model indicates that the 
footprint of each dye molecule if radially attached to the gold surface is 
approximately 0.36 nm2.  Referring to the semilog fluorescence plot, the surface 
area/dye values fall as low as 0.1 nm2/dye, indicating that more than a monolayer 
of dyes could be attaching to the surface.  It is possible that not all dyes bound to 
the surface are attached with a gold-thiolate bond, and molecules assemble on to 
the first monolayer via dispersion interactions. 
It is clear from the steady-state emission measurements that both 
attachment schemes – DMP and AFSH – have the ability to quench the 
fluorescence of bound dye, especially at high dye loading.  The explanation for a 
lack of quenching for 1-layer DMP-coated rods is unclear, and could illustrate the 
non-monotonic relationship between chromophore-metal distance and quenching 
vs. enhancement mechanisms. 
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Figure 2.12.  Cartoons for (a) Time-resolved fluorescence and (b) Z-scan apparatus.  Both used 
excitation wavelength ~785 nm with 200 fs pulse width and 80 MHz repetition rate 
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2.3.3.  Time-resolved fluorescence analysis of DMP-coated gold 
nanorods 
Figure 2.12a shows the experimental setup for measuring TPL of DMP-
coated rods.  Figure 13 shows the TPL emission spectra of DMP (green trace).  
There is good agreement between their emission max of 560 nm compared to the 
1PA emission spectrum shown in Figure 2.10. Figure 2.13c gives the normalized 
TPL spectra of the DMP dye, as well as CTAB coated nanorods and 1, 3, and 5 
Layer (1L, 3L and 5L, respectively) DMP-coated nanorods.  For this plot it is 
evident from the black trace that the nanorods themselves have a large, sloping 
nonlinear emission background.  The 1L, 3L and 5L traces are all the result of a 
nanorod background-correction done by first normalizing to rod concentration, then 
subtracting the concentration-normalized nanorod trace.  For the 1L, 3L and 5L 
samples it is evident that the background was not completely removed.  However, 
there is an apparent contribution from the DMP emission, which was not clearly 
evident before subtracting the rod emission. 
By comparing the integrated area of the DMP to that of the 1L, 3L and 5L 
samples, we used the previously-determined dye uptake values to calculate an 
approximate enhancement value.  This value is simply the ratio of the observed 
intensity to the expected intensity for the corresponding dye concentration.  Table 
2.1 shows the results for performing this calculation with each sample.  The 
enhancement values are comparable to that observed by previous work in our 
group.20 
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2.3.4.  Z-Scan characterization of AF-thiol coated gold nanorods 
When calculating TPA enhancement of chromophores conjugated to 
nanorods, it is assumed the emission from the nanorods themselves is negligible.  
However, it has been demonstrated that gold nanorod two-photon action cross-
sections (TPACS) can be orders-of-magnitude greater than that of the 
chromophore used in this study.49–51  The emission strength of nanorods is partly a 
function of how well-matched the excitation beam and nanorod LSPR absorption 
maximum are.  Furthermore, emission-based TPA enhancement calculations 
assume that no change in quantum yield occurs for chromophores attached to 
nanorods.  However, there are multiple examples in the literature that demonstrate 
the ability of plasmonic particles to enhance fluorescence, possibly by increase of 
emission quantum yield due to field coupling.46,52,53 
Z-scan is an absorption technique in which light extinction at a distant 
detector is measured as a function of sample position on the axis in which the 
sample is translated (z-axis).  It is a commonly-used optical measurement for 
measuring TPA cross-sections of chromophores,54–56 as well as the nonlinear 
optical behavior of nanorods.57–61 
By measuring transmittance changes directly, any changes in quantum yield 
will not convolute with the result.  Two sets of nanorods were chosen for study:  
LSPR 800 and 1050.  To access aspect ratios that absorb at 1050 nm, these rods 
were synthesized using hydroquinone (HQ) as the reducing agent.62  The LSPR 
800 rods absorb very strongly at the excitation wavelength of 785 nm, whereas for 
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the LSPR 1050 rods, less than 10% of the LSPR absorption tail remains at 785 
nm.  Both samples were coated with between 2,000 and 3,000 AFSH dyes. 
Figure 2.12b shows the schematic of the home-built Z-scan apparatus used.  
Figure 2.14a and c show the UV-Vis absorbance spectra for the LSPR 800 and 
1050 rods both without (black traces) and with (red traces) dye are shown as 
measured in a 1cm cuvette, indicating very small concentration differences 
between the uncoated and coated rods.  The concentrations for the 800 and 1050 
rod samples were normalized to have similar absorbance (~0.05) at 785 nm.  For 
LSPR 800 rods, the concentration difference is 3% and for the LSPR 1050 rods is 
10%. 
The corresponding Z-scan transmittance plots are shown in Figure 2.14 b 
and d.  The peak-to-valley transmittance change (ΔTpv) for all samples measured 
was 4-5%  The results for both the LSPR 800 and LSPR 1050 rods indicate that 
dye coating causes no statistically significant changes in the nonlinear absorption 
of the nanorod samples.  The dye appears to add nothing to the transmission 
observed, as almost all of the transmission changes are due to the nanorods.  
Furthermore, the LSPR 1050 rods attenuate the incident beam almost to the same 
extent as the LSPR 800 rods.  Since the rods were normalized to their absorbance 
at 785 nm, this may indicate that the extent of nonlinear interaction can be 
predicted by the optical density of the particle sample at the excitation wavelength 
chosen. 
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Figure 2.13.  	   Peak-normalized two-photon luminescence (TPL) spectra of PE-coated nanorods 
“Rods” (black trace), DMP (green trace), and 1,3 and 5-Layer DMP coated gold nanorods (light 
blue, red and dark blue, respectively).  For the 1L-5L DMP rods there is a noticeable emission 
contribution from the nanorods, as indicated by the black curve.  Each DMP Rod sample was 
normalized to its concentration of nanorods, and the nanorod background emission spectrum was 
subtracted to generate the dye spectrum. 
Sample Calculated Two-photon emission enhancement 
DMP --- 
DMP1L --- 
DMP3L 4.95E+01 
DMP7L 2.78E+01 
Table 2.1.  The integrated TPL emission intensity of each sample was compared to 
that of neat DMP, and an approximate enhancement value was calculated for 
DMP3L and 5L.   
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2.4. 
a) b) 
c) d) 
Figure 2.14.  (a), (c) UV-Vis images and (b), (d) Z-scan plots of (a), (b) LSPR 800 and (c), (d) LSPR 
1050 nanorods without (black traces) and with (red traces) dye coating as measured.  Dye loading 
was between 2,000-3,000 dyes/rod for both samples.  UV-Vis traces indicate concentrations were 
normalized to have absorbance ~0.05 at 780 nm.  Dashed black line indicates 780 nm excitation 
wavelength, and dashed green line highlights the two-photon absorption maximum of the dye. 
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2.4  Conclusions & future work 
The use of two attachment schemes for the modification of the same 
chromophore structure to gold nanorods was demonstrated.  For chromophores in 
contact with a gold surface, the chromophore was thiol-functionalized for direct 
attachment.  For chromophores spaced by a bilayer of either CTAB or thin PE 
shell, a LbL technique was used, where the terminal layer was wrapped with DMP.  
Both DMP and AFSH contain the same chromophore structure, demonstrating but 
a small sample of the variety of gold nanorod functionalization chemistries 
available.  The ability to control dye uptake was demonstrated for both schemes, 
and allowed careful control up to ~2,000 dyes for both DMP- and AFSH-coated 
rods. 
The ability to measure the shell thickness of PE multilayers is not straight-
forward.  To our knowledge, this was the first time the heterogeneous coating of 
nanorods with a PE shell was shown – as indicated by TEM and cryo-TEM.  The 
differential shell thickness for polymer on the ends vs. sides of the nanorods may 
have technological utility, but presents a complication here that a single DMP-
coated nanorod will not contain a single dye-particle spacing.  It is possible that the 
lability and site-specificity of CTAB may lead to uneven wrapping.  If this is the 
case, we propose the use of a thiol-modified CTAB analog such as MTAB could 
reduce this effect.63 
Steady-state fluorescence indicated extensive quenching for most dye-
coated nanorods measured.  It is likely that the dyes are too close to the rod 
surface, and quenching occurs via lossy surface waves.23  Quenching was not 
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observed for time-resolved fluorescence measurements of DMP-coated nanorods, 
although this is possibly an indication of the nonlinear emission by the nanorods 
themselves.  The nanorod emission was subtracted from the spectra of DMP-
coated rods, but the spectral shape still resembled nanorods more so than DMP 
itself, suggesting the enhancement calculations may be amplified by the presence 
of rods. 
Z-scan characterization of AFSH-coated nanorods for both on-resonant 
(LSPR 800) and off-resonant (LSPR 1100) rods showed a corresponding result:  
the nanorods are very strong nonlinear optical absorbers, and the dye contribution 
is very low.  However, the strong nanorod interactions could be due to linear 
absorption and scattering.  Further studies will involve the optimization of laser 
repetition rate to reduce linear and nonlinear absorbance by the rods, as well as 
the potential investigation of three-photon absorption by the dyes. 
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CHAPTER 3. Insights in to the site-selective coating of 
gold nanorods with silica 
3.1.   Introduction 
The strong electric field at the surface of plasmonic particles has the ability 
to enhance the photophysical properties of nearby molecules.1–11  Plasmon-
induced field enhancement is one of the operant mechanisms responsible for 
surface-enhanced optical phenomena, including surface-enhanced raman 
scattering (SERS),1–4 surface-enhanced fluorescence,5–7 surface-enhanced two-
photon absorption,8–10 and surface plasmon resonance (SPR) imaging.11 
Furthermore, the E-field spatial distribution for gold nanorods is heterogeneous.1,11    
The field intensity at the nanorod tips is as much as 103 greater than the sides, and 
decays exponentially from the surface.12  To understand and utilize fully such 
plasmon-molecule interactions, the spatial arrangement of molecules relative to the 
plasmonic near-field should be known.  Thus, the ability to spatially control surface 
chemical composition of gold nanorods is of great interest. 
A recent report claims the site-selective coating of gold nanorods with 
raman-active analytes.1  Using a site-specific block copolymer shell, Chen, et al 
infer the location of raman anlytes on GNRs.  Their enhancement factor (EF) 
values (103 to 105) showed an increase for rods with molecules that were deduced 
to be at the nanorod ends.  This study is an excellent example of site-specific 
properties of gold nanorods, and illustrates that properties can be optimized if 
molecular localization at the nanorod surface is carefully considered. 
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Many of the exciting applications of gold nanorods involve their use in 
biological systems.12–14  From sensing and imaging to therapy, the nanomaterial 
surface must be tailored to its target environment.  Based on previous work with 
small gold nanospheres, it has been asserted that, in addition to size and shape, 
the nanoparticle surface dictates how a particle will interact with biological media, 
proteins and cell membranes.15  Moreover, the surface chemical organization, not 
only its average chemical makeup, can determine its interaction with lipid bi-layers, 
thereby dictating whether and how it interacts with a cell.15  Therefore, a precise 
tailoring of the localization of surface-bound ligands can lead to “smarter” designer 
nanotherapeutic agents. 
Directional self-assembly of gold nanorods remains an immense challenge 
with exciting potential.  Kumacheva and co-workers synthesize gold nanorods end-
tethered with monothiolated poly(styrene) and induce self-assembly in to numerous 
super-structures by exposure to mixed-solvent environments.16,17 Another group 
has demonstrated the ability to tether thiolated single-strand DNA to gold nanorods 
site-selectively, as evidenced by small nanosphere “satellites”, which are 
functionalized with complementary DNA strands.18 Our own lab has shown the 
ability to assemble nanorods end-to-end by using biotinylated gold nanorods that 
self-assemble after the addition of streptavidin linkers.19 In these examples, the 
spatial arrangement of surface-bound molecules provides the directional control of 
self-assembly.  
With these motivating precedents, we envision a synthetic target that 
exhibits different surface chemistry on the sides and the ends.  Either the side or 
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the end surface should be size-tunable, to allow for placement of molecules with 
distance-dependent properties (e.g., fluorescence or SERS).  This “scaffold” will 
allow better control of site-specific plasmon-molecule interactions, particle-cell 
interactions, and particle-particle interactions. 
Surface functionalization of gold surfaces using well-studied, and a popular 
technique is the use gold thiolate bond formation resulting from the exposure of a 
gold surface to molecular thiols or disulfides.20 Silica functionalization is likewise 
highly utilized, and generally uses an alkyl-modified alkoxy silane.21 Each of these 
surfaces thus provides the opportunity to functionalize a wide variety of molecules 
of interest, be they chromophores, raman-active analytes, biomolecules, self-
assembled monolayers (SAMS) or a mix thereof.  Furthermore, silica deposition is 
size-tunable, allowing the study of distance-dependent phenomena for molecules 
at its outer surface. 
Recent work by Wang and coworkers demonstrates the ability to grow silica 
shells site-selectively on gold nanorods, by depositing silica preferentially either on 
the nanorod ends or sides.22 Their approach involves growing silica on gold 
nanorods in the presence of controlled CTAB concentration with or without polymer 
end-coating to achieve silica grown selectively on the ends or sides of the 
nanorods.  This protocol is an ideal scaffold for the synthetic system we envision.  
The partial silica shell yields a particle with orthogonal surface chemistry 
possibilities.   
We seek to further answer the following questions: (1) What is the scope 
and reproducibility of this method?  (2) What driving force causes the site-selective 
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assembly of silica?  (2) Is it possible to tune the size of the anisotropic silica shells, 
toward a study of distance-dependent phenomena of attached reporter molecules?  
It is our hope that these deeper insights in to anisotropic surface chemistry will 
pave the way for designer nanorods with diverse surface functionalities, lending 
themselves to many applications. 
3.2.   Experimental 
3.2.1.  Chemicals 
Cetyltrimethylammonium bromide (CTAB, 99+%), AgNO3 (99%), L-ascorbic 
acid (99+%), HAuCl4 (99+%), gold tetrachloroaurate (HAuCl4 3H2O), sodium 
hydroxide (NaOH), sodium borohydride (NaBH4, 99%), 5,5’-Dithio-bis-(2-
nitrobenzoic acid) (DTNB, Ellman’s reagent), 1,4-dithio-D-threitol (DTT), sodium 
acetate (98%), hydrochloric acid (HCl, concentrated solution), nitric acid (HNO3, 
70%), tetraethylorthosilicate (TEOS, 99+%), ethanol (EtOH, 200 proof), methanol 
(MeOH, 99.9+%) were purchased from Aldrich, and used as received.  
Poly(ethylene glycol) monomethyl ether thiol (mPEG-SH or “PEG”, 5000 Mw) was 
purchased from Nanocs for all PEG-coating experiments.  All aqueous solutions 
were made with Ultrapure deionized water (18 MΩ).  
3.2.2.  Instrumentation 
All spectra were collected by a Cary 5000 UV-Vis-NIR spectrophotometer 
operating between 300-1100 nm, baselined with a quartz cuvette..  Transmission 
electron microscopy (TEM) micrographs were collected by either a JEOL 2100 
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Cryo TEM or a Philips CM200 TEM, both operating at a 200 kV accelerating 
voltage, and images were collected with a peltier-cooled CCD camera.  Gel-
permeation chromatography (GPC) chromatographs were collected using a Waters 
1515 isocratic HPLC pump, with 50 min. run time, 0.050 mL injection volume at a 
flow rate of 1 mL/min, with 100% DMF (spiked with 1M LiBr) as the eluent.  
Chromatographs were analyzed using a calibration standard of poly(ethylene 
glycol) (PEG) of a range of molecular weights. 
3.2.3.  Gold seed synthesis 
Prior to any nanoparticle synthesis, any glassware or stir bars used were 
cleaned by immersion in aqua regia (3:1 HCl:HNO3) for at least 15 min., followed 
by thorough rinsing with deionized water. Single-crystalline gold seed of 1-3 nm 
were prepared according to the literature.23  NaBH4 solution is prepared fresh and 
used immediately.  To 10 mL of ice-cold water was added 0.042 g of NaBH4 
powder, making a 0.11M solution.  This was inverted 3-times to dissolve all solids, 
then 1 mL was added to 9 mL of ice-cold water to make a 0.011M solution.  0.60 
mL of the 0.011M solution was injected to a vigorously-stirring mixture containing 
9.5 mL of 0.1M CTAB and 0.25 mL of 0.01M HAuCl4.  Color change from pale 
yellow to brownish-beige occured immediately.  The mixture was left to stir for an 
additional 15 min., then the seeds were left to age for 1h prior to use.  Seeds were 
used within 2 days of synthesis. 
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3.2.4.  Gold nanorod synthesis 
Gold nanorods were synthesized using a modification of the common seed-
mediated growth procedure23,24  Modifications include the increased concentrations 
of gold seed and ascorbic acid, and include addition of HCl.25   The typical 
procedure for a 10 mL batch of aspect ratio 3-4 nanorods is is as follows.  To 10 
mL of a 0.1M CTAB solution is added between 0.07 and 0.1 mL AgNO3 (0.01M), 
followed by 0.5 mL of HAuCl4 (0.01M), causing the solution to turn dark orange.  
0.2 mL of 1.0 M HCl is then added.  The mixture should be completely colorless 
prior to the addition of 0.020 mL of gold seed.  The synthesis is allowed to proceed 
for 12 h., then the particles are purified by one round of centrifugation at 14,000 
RCF for 15 min. and redispersed in the desired concentration of CTAB. 
3.2.5.  End-PEG coating of gold nanorods 
24mL of 0.75nM CTAB-coated nanorods in 0.1M CTAB were added to a 
50mL centrifuge tube. A 2mM PEG solution was prepared by adding 0.1g of PEG 
solid to 2mL of nanopure water. The PEG solution was sonicated for 15min then 
added to the centrifuge tube containing the nanorods. The reaction was incubated 
for 12h.. 
After incubation the centrifuge tube was spun at 6800 RCF for 15 min.. The 
supernatant was transferred to another container (container B) and was spun at 
11000 RCF for 10 min. while the pellet was transferred to a new 15mL centrifuge 
tube. The supernatant from container B was removed and the two pellets were 
combined and diluted to 12 mL with 0.3 mM CTAB. 
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Centrifuged PEG rods were then dialyzed.  Float-A-Lyzer G2 Dialysis 
membranes (Pierce Protein Biology, MWCO 100 kDa) were conditioned, rinsed, 
then PEG-coated rod suspensions were added to them. The filled cassettes were 
placed in 1L of 0.3 mM CTAB with light stirring. The CTAB solution was changed 3 
times. 
3.2.6.  Synthesis of side-silica gold nanorods 
All silica coating reactions were carried out in fresh conical centrifuge tubes 
with no stirring.  The side-silica coating experiments were done on a 1mL scale. 
The 1mL scale initially corresponded to a 0.2 nM end-PEG coated GNR 
concentration in 0.35 mM CTAB. Subsequently 0.035mL of 2 wt% (TEOS) was 
added to the centrifuge tube. The tube was allowed to shake gently for 30min to 
mix followed by adding 0.012 mL of 0.1M NaOH. The reaction was continued for 4 
h., then the contents were spun at 6,000 RCF for 10min.  The supernatant was 
removed and the contents were resuspended in an 80% ethanol:water solution.  
3.2.7.  Synthesis of end-silica gold nanorods 
A stock suspension of CTAB-capped gold nanorods in the desired amount 
of CTAB was prepared first (5 mL, 0.75 nM rods in 0.8 mM CTAB) and allowed to 
gently shake overnight, allowing the surface to equilibrate (different concentrations 
of CTAB may be used as well – see Results & Discussion).  NaOH was then added 
(0.02 mL, 0.1M), raising the mixture pH between 10-11, and allowed to gently 
shake for 30 min. before addition of TEOS solution (0.045 mL, 20 wt% or 0.98M, 
made by adding 1.68 mL of neat TEOS to 8.32 mL MeOH).  TEOS addition 
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initiates the silica condensation.  Reaction was continued for 20 h., then 
centrifuged at 8,000 RCF for 15 min..  The pellets were redispersed in EtOH.  
3.2.8.  Reduction of PEG disulfide to PEG thiol 
PEG solution (5,000 Mw, 0.02M) was prepared by adding 0.5g of PEG 
powder to 5 mL water, followed by sonication for 15 min..  DTT solution (0.2 M) 
was prepared by dissolving 0.3 g DTT in 10 mL water, followed by the addition of 
enough NH4OH (1M, around 0.1 mL) to bring the pH to ~8.5, as judged by pH 
paper.  Both solutions should be used within 2 h. of preparation.  For a 5 mL 
reduction reaction, equal volumes (2.5 mL) of PEG and DTT solutions were mixed, 
such that final DTT concentration is 10-fold higher than PEG concentration.  The 
reaction was allowed to proceed for 12 h..  Samples weredialyzed using a Slide-A-
Lyzer cassette (Pierce Protein Biology, MWCO 3500).  Dialysis was carried out in 3 
rounds, each against 1.5 L water baths.  In round 1, the water was changed after 2 
h..  In round 2, after 5 h..  In round 3, dialysis was continued 12 h..  The resulting 
solutions were then lyophilized to yield fluffly white powder in 90% recovery by 
mass.  Note:  lyophilization leaves resulting solids very susceptible to static wind, 
and significant sample loss can occur from solids jumping or sticking to surfaces. 
3.2.9.  Quantification of thiol concentration by Ellman’s Assay and 
GPC solution preparation 
Freshly-made DTNB solution (2 mM) should be used; it is prepared by 
dissolving 0.046 g sodium acetate and 0.0083g DTNB in 10 mL water.  The 
working reagent is prepared by mixing 0.050 mL of DTNB solution with 0.100 mL 
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TRIS buffer (1M, pH 8) and 0.840 mL water.  To the working reagent is added 
0.010 mL of PEG solution (≤ 5 mM).  The presence of thiols produces a brilliant 
yellow-green color.  The extinction coefficient, ε = 13,600 M-1cm-1 at 410 nm is 
used to determine thiol concentration using a UV-Vis-NIR spectrophotometer.  For 
GPC solution preparation, 0.02 g of lyophilized PEG powder is dissolved in 1 mL 
DMF (spiked with 1M LiBr).  GPC chromatograms were analyzed using PEG 
standards. 
3.3.   Results & discussion 
After multiple attempts at exact reproduction of the procedures reported by 
Wang et al,22 neither side-silica nor end-silica morphologies were obtained. Figure 
3.1 shows typical TEM images, indicating that:  (a) For side-silica conditions, 
nanorods produced no silica shells.  Silica formation occurred, but did not coat the 
nanorods, and only loosely-bound material of intermediate contrast could be 
observed.  (b) For end-silica conditions, isotropic silica shells reigned.  The 
nanorods were coated in silica, but no site-specificity was evident.  Since the two 
syntheses called for very different synthetic conditions (number of steps, reagent 
concentrations), the reproducibility issues were addressed individually, with the 
side-silica synthesis investigated first. 
3.3.1.  Insights in to side-silica coating of gold nanorods 
The authors report that synthesis of side-silica coated gold nanorods is 
carried out by a 2-step synthesis.22  In the first step, 0.75 nM gold nanorods are 
incubated with 10 mM 5,000 Mw mPEG-SH (PEG) in the presence of 0.1M CTAB.  
 78 
It is proposed that CTAB forces the PEG molecules to attach to the nanorod ends, 
consistent with previous reports.19,26  The CTAB bilayer is more sparse on the 
nanorod ends, and thiol molecules will likely exchange there initially.17,19,27 In the 
second step, the resulting PEGylated gold nanorods are mixed with an ethanolic 
TEOS solution and pH is increased to 10.5 using NaOH.  The CTAB concentration 
is not reported, an issue that will be discussed later. 
The fact that silica was present but not coating the rods (see Figure 3.1) 
could indicate a lack of affinity between the growing silica pre-particles and the 
gold nanorod surfaces.  In order to better understand the roles of each reagent and 
how they affect gold-silica affinity, we investigated the mechanism of surfactant-
templated silica (STS) growth.  According to the proposed mechanism, silica 
synthesis in the presence of CTAB occurs in 3 steps:28,29  (1)  TEOS molecules 
partially hydrolyze in the presence of water.  (2)  Partially hydrolyzed TEOS 
molecules condense to form oligomers with negative surface charge, promoting the 
self- assembly of CTAB at their surface.  These are called primary particles  (3)  
Primary particles self-assemble either with each other to form silica particles or at a 
CTAB-laden surface to form silica shells. 
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a) b) 
Figure 3.1.  Best results from reproduction of (a) side-silica and (b) end-silica morphologies by 
reproduction of reported procedure.  TEM images show that side-silica coating attempts left rods with 
loosely-associated silica, but no coating.  End-silica coating attempts produced isotropically-coated 
nanorods, with no preferential end coating 
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The mechanism reveals multiple useful insights, one of which is a role of 
CTAB is to promote self-assembly between the growing primary particles, either in 
solution the nanorod surface.  Furthermore, the place-exchange of PEG thiol on 
the nanorod surface is known to remove CTAB, at least partially.12,30,31 Thus the 
lack of affinity between the silica and nanorods could indicate too large a grafting 
density (number of molecules per unit area) of PEG and concomitant reduction of 
CTAB presence.  It is reasonable to assume the initial step of PEG coating of the 
nanorods should be investigated. 
It is known that alkyl thiols will oxidize in the presence of oxygen to produce 
a molecule of disulfide.32 This reaction can happen in solution and to some extent 
even in solid state.  Based on conversations with different suppliers of PEG, it 
became clear that PEG thiol batches can sit in a non-inert environment up to two 
years prior to purchase by the end user.  We thus hypothesized that different 
vendors provide “PEG” batches that contain different ratios of thiol and disulfide, 
which in turn anchor differently to nanorod surfaces, resulting in different site-
specific affinities toward silica deposition. 
To test our hypothesis, we began by surveying different PEG vendors, 
specifically focusing on Nanocs and Fisher, as these are the most commonly 
purchased by our lab. 3 sources were chosen:  2 different lots of Nanocs PEG 
(Sources A and B) and 1 lot of Fisher PEG (Source C).  All are sold as mPEG-SH, 
Mw = 5000.  To quantify thiol content in each batch Ellman’s Assay was used, a 
colorimetric indicator of thiol concentration.  Figure 3.2a shows the reaction 
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scheme of Ellman’s Reagent.  Briefly, 5,5’-Dithio-bis-(2-nitrobenzoic acid) (DTNB) 
reacts with thiols in 1:1 stoichiometry to yield an asymmetric disulfide (colorless) 
and the free thiol of the monomer of DTNB, which has an absorption maximum at 
410 nm and extinction coefficient of 13600 M-1cm-1.  Figure 3.2b shows UV-Vis 
absorption spectra and calculated thiol content for each of the PEG sources 
surveyed.  % thiol was calculated as follows: 
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Figure 3.2.  PEG characterization by Ellman’s Assay.  (a) Reaction scheme for thiols and disulfides 
with DTNB, Ellman’s reagent.  Colorimetric product with absorbance max 410 nm and known 
extinction coefficient can be used to quantify thiol concentration, but does not react with disulfides.  
(b)  Absorbance spectrum of 3 Sources of PEG thiol reagent as purchased.  Sources A and C show 
high absorbance at 410 nm, and Source B shows low absorbance.  (c)  Spectra from b) used to 
calculate thiol concentration, showing that Sources A, B and C each contained either quantitative 
thiol or disulfide. 
 
5,5’-Dithio-bis-(2-nitrobenzoic acid)  
(DTNB, Ellman’s reagent) 
(λmax = 410 nm,  
ε = 13,600 
M-1cm-1) 
Bright yellow Source'
Vendor/
Batch' %'thiol'
A" Nanocs/1" 100"
B" Nanocs/2" 1"
C" Aldrich" 98"
(No reaction) 
a) 
b) c) 
Colorless 
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By taking the ratio of the calculated mols of thiol from Ellman’s Assay to the 
total moles of PEG determined by mass, % thiol is determined.  Figure 3.2a shows 
that both Nanocs Batch 1 and Aldrich sources contain approximately 100% thiol, 
while Nanocs Batch 2 contains only 1%.  It should be re-emphasized that any 
disulfide in these batches is an impurity; the PEG reagent is sold as purely thiol. 
To test the effect of thiol- vs. disulfide- coating of nanorods on their 
subsequent silica coating, and further to eliminate inter-batch variability of polymer 
molecular weight and small molecule impurities, we reduced the all-disulfide 
containing Nanocs Batch 2 to thiol, and used these two species to coat nanorods.  
Figure 3.3 shows the experimental design of this test.   
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PEG thiol PEG disulfide 
SH 
S 
S 
HS
SH
OH
OH
Characterize PEG coat 
Silica Coat 
2 
1,4-dithio-D-threitol (DTT) 
= PEG 
5,000 Mw 
Size analysis, Ellman’s assay 
Figure 3.3.  Experimental design for testing effect of PEG disulfide and PEG thiol coating of gold 
nanorods on how the PEGylated rods coat in silica.  Reduction from the disulfide to thiol occurs by 
reaction with DTT.  Both the PEG disulfide and PEG thiol polymers are then characterized by gel 
permeation chromatography (GPC) and Ellman’s Assay.  After characterization, nanorods are coated in 
both PEG thiol and PEG disulfide, and the resulting PEG-coated rods are coated in silica. 
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The PEG disulfide solution (from Source B) was reacted with dithiothreitol 
(DTT).  Then, both thiol and disulfide were purified by dialysis and lyophilized to 
yield powder of PEG thiol and PEG disulfide.  These were characterized by both 
Ellman’s Test and gel permeation chromatography (GPC) to confirm the reduction 
proceeded.  Figure 3.4a gives Ellman’s Assay data for PEG with and without DTT 
treatment.  DTT treatment increased the thiol abundance from (1 ± 0.1)% to (88 ± 
2)%, demonstrating disulfide reduction in high yield.  Figure 3.4b shows the GPC 
chromatogram for both samples, showing that PEG before (black trace) and after 
(red trace) DTT reduction both contain 2 distinct peaks, eluting at 26.17 and 27.72 
min.:  denoted Peak 1 and Peak 2, respectively.  These values are listed in the 
Table in Figure 3.4c.  Using PEG standards to determine molecular weight, Peak 1 
has Mw = 9719 with PDI = 1.01; Peak 2 has Mw = 5004 and PDI = 1.03.  This 
confirms the presence of both monomer and dimer units of 5000 Mw PEG.  
Furthermore, the red trace shows significant quantities of both Peak 1 and Peak 2, 
while the black trace shows predominantly Peak 2.  The relative peak areas are not 
taken as proportional to concentration, as they have different refractive index 
increments33 and relative abundances are determined solely by Ellman’s Test. 
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a) 
b) 
Mw 5,000 Mw 10,000 
85% thiol 
1% thiol 
Peak Retention Time (min) Mw Mn PDI 
1 26.17 9719 9772 1.01 
2 27.72 5004 4843 1.03 
c) 
Figure 3.4.  Chracterization of PEG disulfide and PEG thiol synthesized by reduction of PEG disulfide with 
DTT.  (a) GPC chromatogram of PEG disulfide (black trace) and PEG disulfide + DTT (red trace), 
showing the presence of 2 peaks, highlighted in gray dotted lines.  The 10,000 Mw peak mostly 
disappears after reduction.  (b)  Table showing retention times, molecular weights and polydispersity 
index (PDI) values for Peaks 1 and 2.  (c) Ellman’s Assay results from analysis of PEG disulfide and PEG 
disulfide + DTT, showing >80% reduction of the disulfide. 
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The resulting PEG thiol and PEG disulfide were both used as the “PEG” in 
the 2-step side-silica coating procedure.  Figure 3.5 shows the results of silica 
coating nanorods whose first step was coating in either (a) CTAB, (b) PEG thiol or 
(c) PEG disulfide.  CTAB-coated nanorods were coated as a control.  All other 
conditions were identical for these reactions, with [CTAB] = 0.3 mM, [TEOS] = 3.3 
mM.  As expected, the CTAB coated rods showed silica coating, with visible silica 
shells covering both the sides and ends of the rods.  It was observed that the 
thickness was greater on the sides than the ends, though all ends were covered.  
The PEG thiol-coated nanorods produced no visible shells, containing only the 
familiar loosely-associated silica.  PEG disulfide-coated rods, however, produced 
quantitatively side-silica morphologies, further confirming the necessity of PEG 
disulfide to direct silica formation on the sides of the nanorods. 
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Silica coat 
+ 
Silica coat 
SH 
PEG thiol 
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Figure 3.5.  Silica coating of nanorods functionalized with (a) no PEG (CTAB only) (b) PEG thiol and (c) 
PEG disulfide.  Representative TEM images at different magnifications show that nanorods coated in 
PEG disulfide yield side-silica morphologies, while PEG thiol-coated rods result in little or no silica 
coating.  The CTAB-coated nanorods yield full coverage of silica, though the side shell thickness is 
thicker than the ends.  All scale bars are shown in respective images. 
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Based on mechanistic insights and these studies, we hypothesize that PEG 
serves as a directing group for silica deposition by means of CTAB removal.  If this 
explanation is true, it would follow that the PEG grafting density on the nanorod 
surface is partially determined by 2 relevant, inter-related factors:  (1) Penetrability 
of the CTAB bilayer and (2) Extent of oxidation of PEG to form disulfide.  For factor 
(1), CTAB is proposed to form a more loosely-packed bilayer on the ends than on 
the sides, leaving the ends “exposed” to place exchange here, due to the better 
lattice match of the CTA+ group of CTAB to the {110} facet on the sides of the 
nanorod than to the {100} facet on the ends.12,16,19  Additionally, the curvature of 
the nanorod ends is 2-fold higher than that of the sides, necessarily making the van 
der Waals interactions between the CTAB tails lower.34  The CTAB can thus serve 
as a directing agent for PEG attachment.  For factor (2) the oxidation of 5kDa PEG 
to form a 10kDa dimeric polymer increases the molecular weight of the object, but 
it could also serve to “bury” the surface-reactive moiety inside this dimeric polymer 
network, resulting in reduced access of the anchoring sulfur atoms to the gold 
surface.  If it is this molecular weight increase that is the relevant determinant of 
polymer site-specific attachment, this would be reflected by a similar study as that 
carried out here, using instead different polymer molecular weights. 
In recent work by Holmes and coworkers, the grafting density of mPEG-SH 
on gold nanospheres was determined as a function of both polymer molecular 
weight and nanosphere core radius.35  It was determined that grafting density 
increases with both the the nanosphere core radius and reduction of polymer 
molecular weight, both indicating that higher PEG loading is achieved when the 
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polymer molecular weight is small relative to the core radius.   Extrapolating this 
result to nanorods, we can consider the rods to be a geometry consisting of 
spheres of two radii, with the ends having half the radius of the sides.  This picture 
would then suggest that the PEG adsorb at a higher grafting density to the nanorod 
sides, since this is the “sphere” of larger radius.  Since our results indicate that the 
larger object (PEG disulfide) attaches to the nanorod ends first, or at least with 
higher grafting density, we suggest that the CTAB bilayer on the nanorod ends is 
sparse enough to allow attachment of PEG disulfide, while the bilayer on the sides 
is too dense.  Conversely, PEG thiol is able to attach to either surface with high 
enough grafting density to remove sufficient CTAB that silica deposition is 
prevented. 
3.3.2.  Insights in to end-silica coating of gold nanorods 
End-silica synthesis was reported as a one-step synthesis, where 0.75 nM 
gold nanorods were incubated with 1mM TEOS and 6mM CTAB, with pH adjusted 
to 11 using NaOH.22  As shown in Figure 3.1b, our reproduction of these conditions 
yielded nanorods with isotropic shells – evenly coated.  We thus again visited the 
3-step mechanism for surfactant-templated silica (STS) formation (see previous 
section).28,29 Another insight gained from this mechanism is that the molar 
concentration of both CTAB and TEOS in the synthesis determine the size and 
concentration of primary particles that ultimately form mesoporous shells.  We also 
refer to work by Mulvaney and co-workers and coworkers that demonstrates an 
ability to control silica shell thickness by varying [TEOS].36  If silica formation 
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begins at the nanorod ends, and eventually fills in to form an isotropic shell, 
reducing the concentration should reveal this. 
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a) b) 
Figure 3.6.  (a)  Average shell thickness (black data points) and LSPR shifts (red data points) for batches 
of silica-coated nanorods synthesized with 0.8 mM CTAB and increasing [TEOS]:  1.4 mM, 1.8 mM, 2.3 
mM, 2.7 mM, 4.3 mM and 8.7 mM.  Dashed line highlights disparity between LSPR shift and shell 
thickness for 2.7 mM TEOS sample.  (b)  TEM image with blue arrows highlighting “roughness” of 2.7 mM 
TEOS sample, especially showing dimpling on the sides of the nanorods, as indication of partial silica 
shell anisotropy. 
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As shown in Figure 3.6, TEOS concentration was varied from 1.5 to 9 mM, 
and its effect on the shell thickness and LSPR shift were monitored.  For well-
dispersed nanorods, LSPR peak position is linearly dependent on the refractive 
index of its environment.11,37  In our studies the LSPR peak shift between the 
reaction initiation and quench can be a qualitative indicator of relative shell 
thickness.  In Figure 3.6a, both the silica shell thickness and LSPR shift are plotted 
vs. TEOS concentration.  There is no shell formed below 2 mM, whereafter both 
the LSPR shift and shell thickness increase sharply between 2.5 and 4 mM.  The 
LSPR reaches an asymptote around 6 mM.  At low and high TEOS concentrations, 
there is good qualitative agreement between LSPR shift and shell thickness.  
Where the LSPR shift is at its highest slope, however, a closer inspection Figure 
3.6b reveals the shell morphology is very rough, with a small percentage of 
samples showing “dimpling” at their sides. 
[TEOS] was thus held constant at 2.7 mM, and [CTAB] was varied from 0.28 
to 5.6 mM.  Figure 3.7a shows typical TEM images of samples in this range, and 
Figure 3.7b plots the shell thickness on the ends (black data points) and sides (red 
data points) as a function of [CTAB].  Increasing [CTAB] from 0.1 to 0.5 mM 
produces the familiar roughened shells of about 5 to 10 nm thickness.  However, at 
0.75 mM the shells cover the nanorod ends only, yielding the target end-silica 
composite.  Unexpectedly, the anisotropy disappears above 0.75 mM, as indicated 
by their side and end thicknesses being the same.  It is surprising that only a single 
CTAB concentration results in end-silica coated nanorods.  This effect is still 
mysterious and remains the focus of future studies.  What it does elucidate is the 
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poor reproducibility of the reported procedure, being so sensitive to both TEOS and 
CTAB molar concentrations. 
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0.28 mM 0.47 mM 0.75 mM 0.94 mM 5.6 mM 
Increasing [CTAB] 
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b) 
Figure 3.7.  Variation of [CTAB] at constant [TEOS] = 2.7 mM.  (a) Representative TEM images for 
increasing [CTAB], with insets showing concentrations.  (b) Image analysis of corresponding TEM 
images, showing both the end shell thickness (black data points) and side shell thickness (red data 
points), highlighting the 0.75 mM alone as producing end-silica morphologies.  The disparity between end 
and side shell thicknesses is only exists for the 0.75 mM CTAB sample.  All scale bars = 20 nm 
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3.3.3.  Varying shell thickness for side – and end-silica nanorods 
Having demonstrated the ability to synthesize nanorods with side-only and 
end-only silica shells, we seek to understand the tunability of the silica shell 
thickness.  It is assumed that only a limiting thickness is allowed before the shell 
begins to cover the entire nanorod.  Conversely, how thin can a shell be made 
before it becomes rough and inconsistent?  Literature and our own work suggest 
that both the TEOS36,38 and CTAB5,28 molar ratios are both important in controlling 
silica shell thickness for gold particles. 
Figure 3.8 demonstrates the effect of varying TEOS (a) and CTAB (b) molar 
concentrations on side shell thickness (black data points) and % open ends (red 
data points).  Side thickness was measured from the mid-point of the nanorod 
surface to the edge of the silica shell.  Percentage of open ends was determined 
by counting the ratio of particles containing nanorod tips visibly exposed to those 
with tips covered by silica (N≥150).  For [TEOS] variation, a similar effect was seen 
as shown in Figure 3.6, where the shell thickness rises sharply between 2 and 4 
mM.  The plot further shows that increasing the side shell thickness is possible, but 
comes at the cost of exposed ends.  With a 15 nm shell, only ~60% of particles 
have exposed ends.  Variation of [CTAB] shows that the shell is tunable in the 
range of 10-15 nm, where again the increased shell thickness reduces exposure of 
the ends.  Above 1 mM, the shells became isotropic, and no ends were exposed.  
This result is consistent with that shown for end-silica rods, where no site-
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selectivity was observed above 1mM CTAB.  The presence of a change in 
behavior for both shell size and anisotropy could be consistent with the fact that the 
1st cmc of CTAB occurs between 0.90-0.94 mM in pure water.39,40  Additionally, the 
concentration of CTAB at the gold surface is presumed consistent above this 
value, as micelles cause the chemical potential to remain constant.41 
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Increasing [TEOS] Increasing [CTAB] 
a) b) 
i) 
ii) 
Figure 3.8.  Using TEOS and CTAB molar concentrations to tune side-silica shell thickness.  (a) [TEOS] range:  
0.28, 1.0, 3.3, 4.9 and 9.8 mM.  (b) [CTAB] range:  0.33, 0.096, 0.19, 0.96 and 3.3 mM.  (i)  Representative TEM 
images of nanorods coated using increasing [TEOS] and [CTAB] (values given in a).  (ii)  Image analysis results 
showing the thickness of side shells (black data points) and % open ends (red data points) for increasing [TEOS] 
and [CTAB] (values given in a).  All scale bars 20 nm.  Results show that the side shell thickness is tunable up to 
~15 nm, after which only ~50% of particles have visibly exposed tips. 
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Figure 3.9 shows the effects of varying TEOS molar concentration for end-
silica nanorods.  The CTAB concentration was not varied, as the concentration 
0.75 mM appears to be unique in allowing the end shells to form at all.  As with 
end-silica rods, [TEOS] variation allowed tuning of the end shell length, with 2-4 
mM being the range of greatest thickness change.  Again, a limiting shell thickness 
of ~15 nm was allowed before 50% of the observed particles contained no exposed 
gold at the nanorod sides.  Although most of the samples demonstrate a “peanut”-
shaped shell morphology with a thin waist of silica at the nanorod sides, sampling 
of a large number of rods reveals that almost all of the sides were covered with 
silica. 
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a) 
b) c) 
2.6 mM 3.1 mM 4.1 mM 5.0 mM 11 mM 
Increasing [TEOS] 
Figure 3.9.  (a) Representative TEM images for silica-coated samples using 2.6 to 11 mM TEOS.  Actual 
TEOS concentrations inset in images. (b)  End shell thickness (black data points) and % exposed sides 
(red data points) for samples corresponding to TEM images in a).  (c) LSPR shifts for the same samples.  
All scale bars 50 nm. 
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3.4.   Conclusions & future work 
Investigation in to the reproducibility and reagent impurities has led to a 
deeper understanding of the ability to synthesize and control of both side- and end-
silica coated gold nanorods.  The oxidation of 5 kDa PEG thiol to form PEG 
disulfide is confirmed by both colorimetric assay and GPC chromatography.  
Furthermore, PEG in its monomeric (thiol) vs. dimeric (disulfide) form affects how 
the PEG moieties are deposited on the rods, as indicated by the lack of affinity of 
PEG thiol-coated gold nanorods toward silica deposition versus the preferential 
side-silica coating for PEG disulfide-coated rods.  Practically speaking, this 
evidence for site-specificity in the PEG coating step offers another interesting 
synthetic handle in the toolbox of the surface chemist.  For the successful 
synthesis of end-silica coated rods, strictly controlling CTAB molar concentration is 
crucial.  Both above and below 0.75 mM CTAB, silica shells are isotropic, and only 
at this value do end-shells form. 
The ability to tune shell thickness preferentially for both anisotropic silica 
shell morphologies is of great interest.  For the nanorods chosen, with aspect ratio 
of 3.5, only a limiting shell thickness of 15 nm is possible before shells begin to “fill 
in” the exposed gold surface, as indicated by image analysis.  It is probable that an 
increase in either the length or aspect ratio (or both) of the rods used will increase 
this threshold further, due to greater length of gold that needs to be covered. 
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CHAPTER 4. Surface-initiated atom transfer radical 
polymerization of NIPAM on gold nanorods toward a 
stimuli-responsive polymer shell 
4.1.   Introduction 
Gold nanorods (GNRs) hold vast potential for use as biological theranostic 
agents due to their size and interesting optical properties.1–5  The ability to use 
these properties in conjunction with favorable properties of polymers leads to 
exciting composite nanomaterials.  In previous Chapters we have addressed the 
synthesis of polymer shells that would allow us to probe distance- and regiospecific 
plasmon-molecule interactions with static shells.  In this Chapter, we focus on a 
second paradigm:  Dynamic polymer-molecule separations using an 
environmentally-responsive polymer shell. 
Stimuli-responsive GNR-polymer composites have already shown promise.  
GNR-polymer composites have been synthesized that show environmental 
response of various stimuli, including pH,6  heat7 and near-infrared (NIR) 
irradiation. 7–9  In one study, Chen and coworkers load thermoresponsive GNR-
polymer composites with doxorubicin, an anti-cancer drug, and show the NIR-
mediated release of the drug in tumor-bearing mice, leading to tumor cell 
shrinkage.10 
We chose as our stimuli-responsive polymer shell poly(N-
isopropylacrylamide) (PNIPAM), due to its thermoresponsive properties.  PNIPAM 
exhibits a coil-to-globule transition at the lower critical solution temperature (LCST) 
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of ~32oC in aqueous solution,11 which has been attributed to the competition 
between attractive enthalpic forces between water and the polymer backbone and 
entropic penalty of water organization about the hydrophobic isopropyl group.12  If 
localized on a hard support such as a GNR, the LCST effect of PNIPAM translates 
to a thermally-tunable soft shell.  Figure 4.1a shows a schematic cartoon of such a 
GNR-PNIPAM composite. 
To create GNR-PNIPAM nanocomposites atom-transfer radical 
polymerization (ATRP) is chosen.  ATRP is a reversible-deactivation radical 
polymerization (RDRP) technique, which is commonly used to synthesize polymers 
with low polydispersity indices (PDIs) and controlled molecular weight.13  ATRP 
uses an organometallic complex-mediated radical deactivation pathway to reduce 
the concentration of free radicals in solution, which reduces termination events that 
lead to PDI values and loss of chain terminal functionality.  Figure 4.1b shows a 
schematic of the ATRP mechanism.14  The complex generally uses an iron or 
copper catalyst with a solubilizing ligand in a heterogeneous mixture.  Polymer 
growth begins when the complex induces the hemolytic carbon-halogen bond 
cleavage of a specially-designed initiator molecule.  Example structures of ATRP 
reactants used in the present study are shown in Figure 4.1c. 
If an ATRP initiator is first immobilized on a surface and subsequently 
polymerized, the process is called surface-iniaited ATRP (SI-ATRP).15  Polymers 
grown in this fashion are said to be “grafted from” the surface, and are commonly 
referred to as “brushes.”16  SI-ATRP is the most utilized polymerization route for 
the formation of grafted-from polymer brushes due to its chemical robustness, 
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tolerance to impurities, large choice of monomers, and easy end-group 
functionalization.15,17–19  For our study, the end-group viability is vital as the 
polymer brushes will constitute a “shell” that terminates at a molecule of interest.  
Polymer chains grown by SI-ATRP are often terminated with a carbon-bromine 
bond.  This terminal halide can be substituted, however, to produce a terminus of 
hydrogen,20 azide or amine,21 hydroxyl,22 thiol and many others.19 
SI-ATRP on gold surfaces typically involves the use of an 11-carbon chain 
initiator bearing an isobutyryl bromide group at one end, and a thiol or disulfide 
group at the other (See structure in Figure 4.1c).16,23–25  Prior work demonstrates 
SI-ATRP to form GNR-PNIPAM composites.8,9 In these studies, Wei et al carry out 
SI-ATRP on short9 and long8 GNRs, and use transmission-based cloud point 
measurements and dynamic light scattering (DLS) to show the size change of 
these nanocomposites in response to both heat and NIR irradiation. 
In this study, we demonstrate our efforts to synthesize GNR-PNIPAM 
composite nanomaterials.  We discuss the synthesis and immobilization of the 
polymer initiator on the GNR surface and the choice of ligand, molar ratios of 
monomer and initiator, and reaction time to control shell growth. 
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Au Au 
heat 
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Br
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N N N
ka~10-7 ka~10-3 
Figure 4.1.  a) Cartoon of thermoresponsive PNIPAM shell grafted to GNRs. b) ATRP 
mechanism.  Growing halide-terminated polymer (Pn-X) is activated by complex (Mtm/L) to 
generate free radical-terminated polymer (Pn*) and oxidized complex (X-Mtm+1/L).  Radicals 
propagate by conventional chain-growth polymerization with monomer (M).  Termination 
pathways leads to polymers with high PDIs and reduction of terminal functionality (Pn-Pn).  c)  
Relevant structures of Initiator, monomer, catalyst and ligands used in our SI-ATRP studies.  ka, 
kd and kt denote the rate constants for free radical activation, termination and propagation, 
respectively. 
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4.2.   Materials & methods 
4.2.1.  Chemicals 
Cetyltrimethylammonium bromide (CTAB, 99+%), AgNO3 (99%), L-ascorbic 
acid (99+%), HAuCl4 (99+%), gold tetrachloroaurate (HAuCl4 3H2O), sodium 
hydroxide (NaOH), sodium borohydride (NaBH4, 99%), 30% hydrogen peroxide, 
11-mercapto-1-undecanol, α-Bromoisobutyryl bromide, potassium iodide, N,N, 
N’,N”,N”-pentamethyldiethylenetriamine (PMDETA), Tris[2-
(dimethylamino)ethyl]amine (ME6TREN) were purchased from Aldrich.  All were 
used as received, except for NIPAM, which was recrystallized 2x (vide infra).  
Poly(ethylene glycol) monomethyl ether thiol (mPEG-SH or “PEG”, 5000 Mw) was 
purchased from Nanocs. 
4.2.2.  Synthesis of gold nanorods 
GNRs of aspect ratio ~3.5 were synthesized using a seeded method.7  For 
rods of aspect ratio ~3.5, the following was done.  Seed particles (~1-3 nm 
diameter) were synthesized:  To 9.5 mL of cetyltrimethylammonium bromide 
(CTAB) solution (0.1M) was added 0.25 mL HAuCl4 (0.01M), followed by 0.6 mL of 
ice-cold NaBH4 (0.01M) while stirring rapidly.  The mixture turned brownish-yellow 
immediately.  These seed particles were allowed to sit for 1h to ensure complete 
reaction of the borohydride.  To 9.75 mL of CTAB (0.1M) was added 100 uL AgNO3 
(0.01M), followed by 0.5 mL of HAuCl4 (0.01M).  To the resulting orange solution 
was added 0.055 mL of L-ascorbic acid (0.1M), causing a color change from 
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orange to clear due to the reduction of Au3+ to Au+.  Lastly, 0.012 mL of 1-3 nm 
gold seed particles were added to initiate the growth of GNRs. 
4.2.3.  Synthesis of 11,11’-Dithiobis-1-undecanol (MUD disulfide) 
A modified procedure was used.26  A 100 mL r.b. flask was charged with 11-
mercapto-1-undecanol (MUD, 5.1g, 24 mmol), followed by 50 mL ethyl acetate and 
potassium iodide (50 mg, 0.33 mmol).  The mixture was stirred 20 min. to dissolve 
solids, though turbidity persisted.  30% hydrogen peroxide solution (3 mL, 30 
mmol) was added dropwise by addition funnel over 10 min, then allowed to stir for 
4 h. on ice, after which the entire flask contents turned to yellow and white solids.  
Additional 30 mL ethyl acetate was added, and mixture stirred 30 min.  The solids 
were isolated by filtration, then washed 2x with 20 mL of ice-cold MeOH, and dried 
under vacuum.  1H-NMR spectrum is shown in Figure 4.2b 
4.2.4.  Synthesis of 11,11’-Dithiobis[1-(2-bromo-2-
methylpropionyloxy)unecane] 
A modified procedure was used.26  To 50 ml of dry DCM in a 100 mL flask 
was added (2.0g, 5 mmol) of MUD disulfide.  The mixture was stirred for 30 min., 
and particles could still be seen in the mixture.  Next, pyridine (0.975 mL, 10.8 
mmol) was added, and allowed to stir an additional 15 min.  The mixture was then 
placed on an ice bath for 15 min., after which of α-Bromoisobutyryl bromide (1.36 
mL ,11 mmol) was added dropwise over 5 min.  The mixture was allowed to stir on 
ice for 2h., then left at room temp. for 36h.  To purify, the mixture was diluted with 
60 mL DCM.  Then, three rounds extractions were performed:  (1) 2 x 100 mL of 
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1M HCl; (2) 2 x 100 mL saturated NaHCO3; (3) 1 x 100 mL saturated NaCl.  All 
were back-extracted with 100 mL DCM.  All organic phases were collected and 
removed under vacuum to leave a yellowish oil.  85% yield.  TLC on silica plate 
gives Rf (1:1 DCM:Hexanes) = 0.45.  1H-NMR spectrum is shown in Figure 4.2b. 
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Figure 4.2.  (a) Synthesis of 11-mercapto-1-undecanol (MUD) to form Initiator.  (b)  1H-NMR spectra 
of all products in CDCl3 
a) 
b) 
MUD MUD disulfide Initiator 
MUD 
MUD disulfide 
Initiator 
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4.2.5.  2-step initiator-coating of CTAB-coated GNRs 
2-step initiator coating of GNRs is carried out following a literature report.6  
As-synthesized CTAB-coated GNRs are purified by two rounds of centrifugation at 
12,000 RCF for 15 min to reduce the total concentration of CTAB, and [GNR] is 
brought to ~ 1nM.  An aqueous solution of mPEG-SH (5kDa, 10wt%) was added, 
and the mixture was incubated 3 days.  The resulting PEGylated GNRs were 
purified by centrifugation at 12,000 RCF for 15 min., and the pellets were 
redispersed in DMF, and concentration was again brought to 1nM.  Next, a 30 mM 
solution of Initiator in DMF was added, and the mixture was gently agitated for 3-5 
days (the longitudinal LSPR peak position is monitored, and the reaction was said 
to be complete when the peak position stopped shifting.)  The resulting Initiator-
coated GNRs were purified by 2 rounds of centrifugation at 6,000 RCF for 15 min..  
Any color in the supernatant was centrifuged at the same speed for 20 min..  All 
pellets were combined, and particles brought to ~2.5 nM in DMF. 
4.2.6.  Recrystallization of NIPAM 
NIPAM was recrystallized 2x to remove initiator.  2g of NIPAM was added to 
150 mL hexanes, and heated at 45oC until all solids dissolved, with solvent added 
to maintain a constant volume.  The solution was filtered through a medium-
grained glass frit, and filtrate was collected in a 250 mL beaker, which was covered 
and allowed to cool to room temp, then left at 1oC overnight.  The resulting solids 
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were dried for 2h. under vacuum.  75% recovery.  Solids stored foil-wrapped in the 
refrigerator. 
4.2.7.  SI-ATRP of NIPAM on initiator-coated GNRs 
To a 50 mL centrifuge tube was added 0.270 g N-isopropylacrylamide 
(NIPAM), and ligand (20 uL Tris[2-(dimethylamino)ethyl]amine (Me6TREN) or 15 uL 
N,N, N’,N”,N”-pentamethyldiethylenetriamine (PMDETA)), followed by 50 mL of 1:1 
DMF:H2O.  Of this solution, 0.1 mL was diluted to 10 mL in the same solvent.  The 
resulting solution was degased three times using freeze-pump-thaw, and labeled 
container A.  Initiator-coated rods were cleaned by centrifugation at 6000 rcf for 15 
min., followed by supernatant removal, and resuspsension of the pellet in 1 mL of 
1:1 DMF:H2O.  This suspension was sparged for 1h under argon, and labeled 
container B.  To a 5 mL round-bottom flask was added 5 mg CuBr.  This was 
sealed with a septum, and the internal atmosphere was controlled by gas inlets 
penetrating the septum using needles.  The CuBr was degassed three times by 
alternately evacuating the flask and back-filling with argon.  1mL of solution from 
container A was added by gas-tight syringe.  After stirring for 30 min. to achieve as 
complete a dissolution as possible, 0.5 mL of suspension from container B was 
added, initiating polymerization.  The reaction was stirred at room temp. for various 
times to achieve the target shell thickness.  The reaction was quenched by 
exposure to air.  Resulting mixtures tended to contain flakes of nanorod-colored 
(reddish-brown or purple) material, which was centrifuged and redispersed in a 
solvent of choice (typically, IPA) and sonicated to remove solids.  Precipitation 
would re-occur if particles were left to sit for 1h. 
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4.3.   Results & discussion 
Figure 4.3 shows the schematic illustration for immobilization of initiator on 
the GNR surface.  Gold nanorods are only soluble in highly polar solvents such as 
water,27 making them immiscible with the oily Initiator. Therefore, a modified 2-step 
place exchange reaction was adapted from Kim and coworkers.28  The nanorods 
were initially coated in mPEG-SH (PEG) of Mw 5,000, which affords them solubility 
in organic solvents.  The Initiator coating takes place over 2 days by resuspsension 
of PEGylated rods in DMF, followed by addition of a DMF solution of the initiator.  
Figure 4.4 shows the UV-Vis and for GNRs coated in CTAB in water (black trace), 
PEG in water (red trace) and Initiator in DMF (blue trace).  A continual red-shift 
occurred.  ζ-potential values indicate that PEG coating reduces the surface charge 
of the GNRs from highly positive to neutral.  Initiator coating does not alter the 
surface charge. XPS studies6 on the 2-step place exchange reaction indicate that 
PEG displaces much of the CTAB from the GNR surface, though a molar ratio of 
~23:1 CTAB:PEG still remains, and is completely removed only after the initiator 
coating step. UV-Vis indicates that a red-shifting of the longitudinal LSPR band 
occurs after coating CTAB rods in PEG.  Initiator coated rods in DMF are again 
red-shifted relative to the PEG, which is indicative of the higher refractive index of 
DMF relative to water.29 
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Figure 4.3.  Scheme for 2-Step place exchange for modification of CTAB-coated GNRs with 
Initiator, and subsequent SI-ATRP. 
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Figure 4.4.  a) UV-Vis spectra of GNRs coated in CTAB (black trace), PEG (red trace) and Initiator 
(blue trace).  CTAB and PEG rods are both in water.  Initiator rods are in DMF.  b) Zeta potential for 
all samples, indicating loss of high surface charge following PEG coating.  C) Hydrodynamic 
diameter (dH) values for PEG-coated GNRs during incubation with Initiator.  Reduction in dH is 
consistent with loss of PEG due to Initiator substitution 
 
a) b) 
c) 
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Temperature is another parameter that dictates ATRP polymerization 
rates,19,30 so the temperature stability of initiator-coated GNRs was tested.  Figure 
4.5 shows the results of heating GNRs at 80oC for 1h.  The LSPR maximum of 
Initiator-coated rods before (solid red line) and after (dashed red line) heating 
indicates that the rods decrease their aspect ratio drastically upon heating.31  The 
same was not observed for PEG coated (black traces) and CTAB (blue traces) 
rods, where both spectra indicated a slight blue-shift.  The emergence of a 
shoulder for the CTAB rods after heating shows the beginning of aggregation for 
this sample, which eventually completely aggregated.  It is clear that thermal 
reshaping of the Initiator-coated rods occurred at a much higher rate than the PEG-
coated rods.  Figure 4.5b shows TEM and size analysis for Initiator-coated 
nanorods before (i) and after (ii) heating.  The results indicate the same as the 
LSPR shift:  The nanorods decrease aspect ratio from 3.3±0.1 nm to 2.1±0.1 nm 
due to a decrease in length from 34.8±2.6 nm to 27±2.8 nm (N=150).  Thus, low-
temperature polymerizations are preferable for this system. 
Room temperature was used for the polymerization reaction of NIPAM on 
GNRs.  Initially, the ligand N,N, N’,N”,N”-pentamethyldiethylenetriamine (PMDETA) 
was chosen to complex the polymerization catalyst.  TEM indicated no high-
contrast polymer formed on the GNR surface (data not shown).  This was 
supported by the absence of longitudinal LSPR peak shifts after polymerization 
and lack of change in hydrodynamic diameter (dH) in the dynamic light scattering 
(DLS) histograms. 
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Figure 4.5.  Thermal reshaping of Initiator-coated rods in DMF at 80oC for 1hr.  a) UV-Vis spectra indicating a large reduction 
in aspect ratio (AR) of Initiator-coated GNRs (red trace), compared to little change for PEG rods (black trace) and 
aggregation for CTAB rods (blue trace).  b)  TEM images of Initiator rods before (i) and after (ii) heating, with corresponding 
image analysis showing a reduction in length and slight increase in width, consistent with reshaping.  Scale bars indicated in 
images 
a) 
b) i ii 
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Growing PNIPAM polymers in solution may compete for complexation of 
catalyst, which would have the effect of displacing the added ligand PMDETA, and 
shutting down the ATRP process.  Therefore, another ligand was sought that has a 
105–higher kATRP than PMDETA.  Tris[2-(dimethylamino)ethyl]amine (ME6TREN) is 
a tetradentate ligand and was used for subsequent reactions (see Figure 4.1c for 
comparison of structures).  In addition, an effort was made to estimate the effective 
Initiator concentration on the GNR surface, by assuming monolayer coverage.  
Effective Initiator concentration ([Initiator]eff) was calculated using the following 
equation: 
[Initiator]eff = σ x (SA)GNR x [GNR]                                                                        (4.1) 
Where σ is the Initiator grafting density (molecules/nm2), (SA)GNR is the GNR 
surface area (nm2) and [GNR] is the molar concentration of gold nanorods 
(mols/L).  The grafting density was estimated to be 5 molecules/nm2, based on 
previous studies of thiol monolayers on gold spheres.32  The surface area of a 
spherocylindrical GNR with hemispherical end-caps and dimensions 35nm x 15 nm 
is approximately 2500 nm2.  GNR concentration was approximated using UV-
Visible absorbance spectroscopy.  Using Equation 4.1, the calculated 
Monomer:Initiator ratio was 75,000:1, a value too large to expect low molecular 
weight distribution.  Figure 4.6 shows the results.  Increased contrast around the 
nanorods relative to the background in TEM may be indication of polymer coating, 
though multiple encapsulation of particles was the largest apparent feature.  
Although the observation of seemingly aggregated particles could be due to drying 
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effects, no singly-coated particles were found.  The UV-Visible spectra indicated 
minimal aggregation in the resulting particles, which would support a potential 
drying effect. 
Figure 4.7 shows the results of SI-ATRP reaction using Me6TREN as the 
ATRP ligand, and decreasing the Monomer:Initiator ratio to 250:1.  TEM 
micrographs in indicate the appearance of a shell on the nanorods as early as 15 
min. after the reaction was initiated.  Accurate determination of the shell 
thicknesses by TEM led to large errors, due in part to the tendency of the particles 
to dry in aggregates, and the fact that the shells were uneven, directional or 
jagged.  Thus DLS was used to indicate shell thickness changes with 
polymerization time.  The DLS data (Figure 4.7c and d) indicate that there are two 
intensity peaks above 100 nm, corresponding to two dH values. Peak 1 (red bars in 
Figure 4.7c) shifts from 80 nm at 15 min. to 120 nm at 4 h..  This peak is attributed 
to singly-encapsulated rods with growing polymer shells.  Peak 2 at roughly 300 
nm does not shift appreciably, and is attributed to particle aggregates. 
Table 4.1 summarizes the SI-ATRP experiments conducted.  Based on 
these observations, the use of a ligand with a higher kATRP results in the presence 
of polymer, though it is only after careful control of [M]:[I] ratio by estimation of the 
[I]eff that controlled shell growth is possible.  DLS indicates increasing 
hydrodynamic diameter with increased reaction times for [M]:[I] of 250:1. 
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Figure 4.6.  (a) – (d) TEM images of GNRs after SI-ATRP with Me6TREN, using a [M]:[I] ratio of 
75,000:1.    Dark halo surrounding GNRs is consistent with polymer encapsulation.  Rods do not 
appear to be discretely coated, but aggregated.  e) UV-Vis spectra of GNRs coated in initiator 
(black trace) and PNIPAM (red trace).  All scale bars indicated in images. 
a) b) 
c) d) 
e) 
Wavelength (nm) 
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Figure 4.7.  GNRs@PNIPAM produced by SI-ATRP with [M]:[I] 250:1, with reaction time of 15 min, 1hr and 4hr.  A) TEM 
images at different magnifications, showing mostly discrete polymer shells encapsulating GNRs.  B) UV-Vis spectra of 
Initiator rods (black trace), and GNRs@PNIPAM after 15min. (red trace), 1hr (green trace) and 4hr (blue trace).  C) DLS 
histograms for 15 min. (top), 1hr (middle) and 4hr (bottom) reaction times.  The first peak (in red) is taken to be the 
hydrodynamic diameter (dH) and increases its average position with increasing polymerization time, indicating polymer shell 
growth.  Peak 2 (blue bars) does not shift appreciably with reaction time, and is attributed to particle aggregates.  D) Plot of 
average dH for Peak 1 vs reaction time.  All scale bars are as indicated in images
15 min 
1 hr 
4 hr 
a) 
b) c) 
d) 
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Table 4.1.   Comparison of various SI-ATRP conditions, showing the effect of both the ligand choice 
and [M]:[I] ratio in determining the appearance and control of PNIPAM shell.  Scale bars for 
representative TEM shown in images 
 
 
Ligand [M]:[I] Reaction time Rep. Image 
PMDETA 75,000:1 4 hrs 
ME6TREN 75,000:1 4 hrs 
ME6TREN 250:1 15 min 
ME6TREN 250:1 1 hr 
ME6TREN 250:1 4 hrs 
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4.4.   Conclusions and future work 
The use of a ligand with a high kATRP was necessary in our experiments to 
produce pNIPAM shells grafted from gold nanorods.  In addition, the estimation of 
[Initiator]eff on the gold nanorods led to more controlled shell growth, due to a better 
understanding of Monomer:Initiator ratio, which in part determines polymer 
molecular weight. 
Further characterization of these composites is needed.  To confirm the 
molecular weight distribution of the grafted polymers, they can be cleaved via 
etching of the GNRs with aqueous cyanide or iodide solution, liberating the 
polymers for characterization by gel-permeation chromatography, MALDI and end-
group analysis techniques.  Additionally, the size of the grafted polymer shells as 
they exist in solution should be characterized, and we propose continued use of 
light-scattering techniques. 
The ability to demonstrate the thermoresponsivity of the grafted shells is 
necessary for their use as a stimuli-controlled composite.  Temperature-dependent 
DLS and cloud-point analysis should be carried out to confirm their 
swelling/deswelling properties.  It has been shown that polymer grafting density is 
another parameter that determines polymer shell thickness.16  The synthesis of 
composites with different grafting densities of polymers are attractive systems; 
furthermore, control of grafting density should be relatively straight-forward by 
varying the concentration of intitiator grafted on to the GNRs. 
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Testing of the reactivity of polymer end-groups for subsequent chemical 
modification is integral to the use of these composites in a relevant technology.  A 
particular chemical modification of interest is the substitution of the terminal halide 
with an azide21 moiety, for subsequent click-modification of chromophores.  In 
addition, this will provide evidence about whether the terminal linkages are viable 
at all.  It is possible that growing polymers can cross-link due to their high local 
concentration, leading to reduced reactive sites for conjugation. 
The studies proposed will lead to environmentally responsive composite 
nanomaterials with control over temperature-dependent size, end-group chemistry, 
producing a synthetic scaffold designed to study environmentally-responsive 
optical properties and plasmon-molecule interactions. 
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